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Method for Calibrating a Standard Volt Box 


Bernadine L. Dunfee 


(August 22, 1962) 


A volt box provides several discrete ratios and permits the accurate measurement of 
direct voltages (maximum about 1,500 volts) through their reduction by suitable factors to 
values within the measuring capability of a potentiometer. The ratios of a volt box are 
measured against those of a standard using a ‘‘difference’’ technique. The standard volt 
box used at the National Bureau of Standards possesses those design features required for 
a ratio standard and lends itself to a “self-calibration”? technique. This paper describes a 
method for measuring its ratios at rated and above rated voltage to an accuracy of 10 parts 
per million or better using a Direct Reading Ratio Set and a group of resistance standards. 
Although the method is described in its particular application to the NBS standard it can 
be used equally well in the measurement of other ratio networks. Errors that might appear 
in the measurements and procedures for evaluating their magnitudes are outlined and the 
derivation of a general expression that defines all ratios in terms of measured quantities is 
presented in an appendix. Comments and further details regarding the standard and its 


use are included 


1. Introduction 


The value of a measured voltage, either direct or 
alternating, is derived from the national standard of 
emf. At the National Bureau of Standards the 
unit of voltage is maintained in terms of the mean 
value of emf of 48 saturated cells. This emf is 
only slightly larger than one volt se that the accurate 
measurement of larger voltages of any frequency 
usually requires the design of special ratio networks 
that can serve as voltage ratio standards, because of 
their stability and high accuracy. The volt box 
and the potentiometer with which it is used are 
classic examples in the measurement of moderately 
high direct voltages. 

The volt box referred to here, as differentiated 
from other types of d-c ratio devices (or voltage 
dividers), provides several discrete ratios so that 
the voltage to be measured (maximum about 1,500 
v) is reduced by a suitable factor to a value within the 
measuring capability of a potentiometer. Insertion 
of a volt box in a measuring circuit introduces an 
error in the measurement unless the volt box divides 
perfectly or the corrections to its nominal ratios are 
known and applied. In any event, each ratio must 
be measured, preferably at rated voltage and at a 
reduced voltage to evaluate the effects of self heating 
and leakage resistance. 

The method of calibration employed at NBS 
utilizes a difference technique in which the potential 
at each binding post of a volt box under test is 
measured with respect to that at the corresponding 
binding post of the standard volt box, with both 
instruments connected in parallel and for the same 
nominal ratio. Special features must therefore be 
incorporated in the standard volt box to assure long 


term stability and the resistance sections must be 
arranged in a proper sequence with respect to mag- 
nitude so that a ‘‘self-calibration’ procedure is 
possible and accurate to better than 10 parts per 
million (ppm). The standard volt box used at 
NBS, as well as a method developed for its calibra- 
tion, have been described by Silsbee and Gross [1].' 
A second method for calibrating the standard volt 
box was recently developed and has been under 
observation for more than a year. The associated 
circuitry and components have been incorporated 
in a semiportable test console and the only connec- 
tions that need be made at the time of test are those 
to the d-c supply and to the volt box. The present 
paper describes this method and uses the NBS 
standard volt box to illustrate the technique. Addi- 
tional comments are included on the use of the 
standard volt box in calibrating other volt boxes. 


2. Comments on the Calibration of a Volt 
Box Against the Standard 


A volt box consists, in general, of a large number 
of resistance coils connected in series. At boch the 
low- and high-potential ends and at appropriate 
junctions along the resistor, taps are brought out to 
binding posts to form the high voltage side. The 
maximum voltage that can be applied between the 
zero post and any of the others is governed by, the 
design of the resistance coils and is so marked at 
each binding post. In addition, the resistance of the 
lowest section is tapped at an appropriate point and 


' Figures in brackets indicate the literature references at the end of this paper. 





‘eads are brought out from the zero potential end 
and this tap point to binding posts, forming the low 
voltage side for connection to a potentiometer. Any 
given voltage ratio is defined as the ratio of the 
voltage applied to the high side to that appearing 
across the low side. These ratios are integers and a 
given volt box, for example, may cover values from 
1,500/1.5 to 3/1.5 if it is to be used with a 1.5-v 
potentiometer or values from 1,500/0.15 to 3/0.15 
for a 150-mv potentiometer 

The test instrument is calibrated with reference to 
the standard in the circuit shown schematically in 
figure 1. The two volt boxes, having the same 
nominal ratio, are connected in parallel through 
leads /, and /, across a suitable d-c source. The 
measuring branch, consisting of a detector, a low 
range potentiometer, and a reversing switch (not 
shown), is inserted, in voltage opposition, into gaps 
identified at positions 7, %%, v3, and x. For each 
position the output of the potentiometer is adjusted 
for a null on the detector so that at balance the 
potential difference between corresponding points 
on the two volt boxes is equal to that of the poten- 
tiometer. The potential differences v, and v, are 
small since they are essentially the potential drops 
in leads /; and /,; similarly, if the volt box under test 
is of high quality, potential differences vr. and ?; 
will be small. Thus only moderate accuracy is 
required in the measurement of the potential differ- 
ences in order to realize an extremely high accuracy 
for the values of ratio. 

The equation that defines the ratio of the volt 
box under test in terms of the ratio of the standard 
and the measured potential differences may be 
derived as follows. Let the respective polarities 
be as shown in figure 1. By definition, the true 
ratio of the volt box under test is 


(1) 


where u, is the correction in proportional parts and 
N,, is the nominal ratio. 
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Figure 1. Circuit for calibrating a volt box. 


Summing the potential drops around loop “badeb”’ 
gives 
Van 
or 


Vav= Va 


By definition, the true ratio of the standard volt 
box Is 


V 1 

le M } 

Neal 1 +2] 

where N,, is the nominal ratio of the standard and 
u, is the correction in proportional parts. Substi- 
tuting this value in eq (2) gives 


(3) 


Summing the potential drops around loop ‘‘defcod” 
we have 

-Vays—v, +) »=0 
or 

Vas= V—(v,+2,). 
When this expression is substituted in eq (3) Vy» 
becomes 

Vat — 
Nonll tus 


and if substituted in eq (1) the true ratio of the volt 
box under test becomes 


VN,,»l1+u,] 
+N »[1+-u,](v2—vs) 


On rearranging 


N Nan =N,,{1 


terms and remembering that 
+y,| the above expression becomes 


zn 


so that 


1» — Us) : 
a plus higher orderterms. (4) 


sh 


If x, v2, Ys, vy, and V are expressed in volts then, 
neglecting higher order terms, the correction to the 
nominal ratio is 


Mr wet, . + rv in proportional parts. (5) 
If 7, v2, v3, and vy are expressed in microvolts and yu, 
in ppm the correction is given in ppm. It should 
be noted that if the relative polarities of the supply 
voltage (V) and the potentiometer differ from those 
assumed in figure 1, the appropriate sign must 
be given to the recorded values of the measured 
quantities. 





As will be seen ‘ater in the discussion on the cali- 
bration of the standard volt box, the measured 
resistances of all sections and their summations are 
referred to the resistance of the first section which 
is chosen to lie between junctions d’—e’. Thus the 

A 
Vee 
in the above derivation, is consistent with the meas- 
ured ratio. (The effects of rod resistances,” such as 
o.d.’, on the measured ratios are discussed in the 
section on errors.) 

It is advisable that the potential drops in leads /, 
and /, be small in order to achieve the highest ac- 
curacy in the measured ratios without placing undue 
demands on the accuracy required in the measure- 
ment of the potential differences. A slight modifi- 
cation made in the test circuit would eliminate the 
lead effect and at the same time simplify the com- 
putation of test data. Referring to figure 2, let 
small resistances ?, and PR, be connected in the /; 
and /, branches with the d-c supply connected be- 
tween their sliding contacts. The potential drops 
in the two sections of branch /;, as well as those in 
branch /,, are in opposition so that it is only neces- 
sary to adjust the respective sliders to achieve can- 
cellation, which is indicated by a null on the detector 
connected at the v, and vr, positions, respectively, 
(see fig. 1). For this condition, the second term on 
the right of eq (5) becomes zero. 


true ratio of the standard volt box, 


given as 


3. Standard Volt Box 


A volt box must have several special features 
incorporated in its design if it is to serve as a stand- 
ard in making ratio measurements to an accuracy 
of afew ppm. (1) Some provision must be made for 
reducing the effects from leakage paths to negligible 
amounts; (2) the selection and arrangement of the 
resistance Wire must guarantee freedom from the 
effects of relative humidity as well as those arising 
from self-heating; (3) the corrections to the ratios 
should be small and the resistances of the tapped 
sections proportioned so that a ‘‘self-calibration”’ 
procedure of sufficient accuracy is applicable. 


3.1. Leakage 


The volt box is a high resistance network operating 
at rather high voltages so that careful consideration 
must be given to minimizing leakage paths into which 
a portion of the current may be diverted from points 


along the working resistance. Effects from such 
parallel paths may be reduced sufficiently by keeping 
the insulation resistance high. For example, if the 
total resistance of the high side is 250,000 ohms, the 
resistance of a leakage path bridging this section 
must be 2.5 10° ohms for an uncertainty no greater 
than 0.01 percent, and 2.510" ohms if an error 
no greater than 1 ppm is required. This protection 


2 The rod resistances mentioned throughout the text refer to the leads which 
extend from the resistance sections to the binding posts where connections are 
made to the external circuit. 
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Fiaure 2. Branches for compensating lead drops. 


may not be adequate in maintaining long-time 
stability because of possible accumulation of moisture 
and contamination across the insulating surface or 
possible deterioration of the insulation over long 
use. Additional protection must be provided by a 
guard network which, in effect, maintains the shields 
surrounding the resistance sections at the same 
potential as that of the resistance section within. 

The standard volt box discussed here is equipped 
with a guarding resistance whose corresponding 
sections can be connected in parallel with the working 
circuit when the 15-v and higher ranges are used. 
Metal guard rings surrounding each binding post 
of the working resistance and connected to the 
corresponding binding post of the guarding resistance 
prevent leakage across and through the top panel. 
The working resistance is divided into sections of 
not more than 25,000 ohms with the resistance coils 
of each section mounted on separate insulating 
panels. Each of these insulating panels is fastened 
to the top panel through a metal block that is 
connected to the guard resistance and maintained 
at the appropriate potential to prevent leakage from 
one insulating panel to another. In use, leads that 
connect the standard volt box to the volt box under 
test and to the other parts of the measuring circuit 
carry their own shields which are maintained at 
their appropriate potentials through connections to 
the binding posts of the guard circuit. 


3.2. Humidity and Self-Heating 


Any effect from relative humidity on a properly 
guarded volt box originates at the resistance coils. It 
has long been known that certain insulating materials 
used for wire covering and for protective coatings of 
resistance coils are susceptible to changes in relative 
humidity and produce changes in the resistance of the 
coils. Although the effect might be expected to be 
negligible in materials available today or, if not, to 
be sufficiently suppressed in ratio devices, the matter 
must be considered if accuracies of a few ppm are 
desired. The particular standard volt box referred to 
in the original paper was found to have seasonal 

variations as large as 30 ppm as a result of changing 
humidity, so that provision was made for continu- 
ously supplying dry air at a pressure slightly higher 
than atmospheric. In 1960 a new unit was purchased 
in which the individual resistance coils are hermeti- 
cally sealed. To date, no measurable seasonal 
variations because of changing humidity have been 
observed. 





In theory, the effects from self-heating could be 
measured and the appropriate correction applied; 
but these effects can be avoided by designing the 
unit for lower rated current, by selecting the proper 
kind of resistance material and by providing the coils 
with sufficient cooling surface within an adequate 
exchange volume. Both the original standard and 
the one recently acquired have a working resistance 
of 333% ohms/v and each coil is wound with a single 
laver of manganin wire taken from the same spool. 
There is sufficient freedom from self-heating that, 
with double rated voltage applied, the correction 
differs from that at reduced voltage by less than 5 
ppm. 


3.3. Self-Calibration Feature 


The most difficult and critical problem encountered 
with any standard is the determination of its correc- 
tions to an accuracy considerably better than that 
required for the test instrument. The method should 
not only satisfy the immediate requirements in 
accuracy but should be capable of providing still 
better accuracy in the anticipation of future demands. 

One of the most powerful measuring techniques 
available and one capable of the highest accuracy 1s 
that in which small differences are measured between 
like and nearly equal quantities. The circuit 
suggested by Silsbee and used in the designs of both 
standard volt boxes lends itself to this ‘‘difference”’ 
technique. Its arrangement and adaptation to dif- 
ference measurements can be best understood by 
referring to figure 3. The circuit has 21 tapped 
sections beginning with the “0 to 0.15” section of 50 
ohms and continuing to the ‘750 to 1500” section of 
250,000 ohms.’ This resistance chain can be con- 
sidered as being formed of four groups .M,, 2, M,, 
and .M, in which group .V, serves as the first section 
of group 2, M, as the first section of group M;, and 
M, the first section of group M/,. Being so 
considered the following pattern is observed. Each 


as 


3 The last section of 
NBS, It is 


250,000 ohms is not present in the standard volt boxes at 
included here for completeness 


OHMS 4 50 50 650 (50 250| 00 500 500 500 


group contains six sections. ‘The first five sections 
of any group have nominally equal resistances while 
the sixth section has a value nominally equal to the 
sum of the first five. It is possible, therefore, to 
measure the small differences between the first 50- 
ohm section and each of the remaining four sections 
of group V4, and follow this by measuring the differ- 
ence between the 250-ohm section and the sum of the 
first five sections. Since M,_, forms the first 
section of 17, this measuring sequence can be repeated 
for each group in turn. Because of the continuity 
within a group and from one group to the next, the 
resistance of any portion summed from the zero end, 
compared with that of the first 50-ohm section can 
be computed from the nominal value of their ratio 
and the sum of the measured differences. 


4. Direct Reading Ratio Set Test Method 


With the rapid growth of standards laboratories 
evident in recent years, voltage ratio standards of 
the type discussed here are no longer the exclusive 
property of the National standardizing laboratory. 
The method recently adopted at NBS for calibrating 
the standard volt box and described herein makes use 
of equipment that is readily available in many of 
these laboratories. Thus, from the information that 
is given on both the theoretical and practical aspects 
of the method, the standards laboratory can perform 
the calibration without recourse to NBS. The 
method not limited solely to those volt boxes 
having the particular sequence of sections indicated 
in figure 3 but can be used for any network in which 
the resistance of each section is nominally equal to 
the resistance of some combination of lower-valued 
sections. The only change lies in the defining 
equation and its derivation. 


Is 


4.1. General Comments 


A Wheatstone bridge network is used in which the 
successive difference measurements, referred to in 
the previous section, are made by inserting in turn 
ach section or summation of sections in the unknown 
arm of the bridge. Aside from a d-c supply and 
detector, the only equipment required is a Direct 
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Figure 3. “‘Self-calibrating’ network of a standard volt box. 
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Reading Ratio Set (DRRS) and a group of seven 
resistance standards: one each having the values 50, 
200, 500, 2,000, and 5,000 ohms, and two having a 
value of 50,000 ohms. (Other types of resistors or 
resistance assemblies could be substituted for the 
standard resistors if they remain stable during the 
sequence of measurements.) The execution of the 
test is quite rapid and with the circuit incorporated 
in a suitable console a complete calibration including 
computation can be made in an hour by experienced 
personnel. 

In the original method the test voltage was limited 
to some extent because of possible heating of the 
components. For example, measurements on the 
50,000-ohm sections, if made at their rated voltage 
of 150 v, required a power dissipation of 2.25 w in one 
of the standard resistors. Since it is advisable to 
keep the power dissipation appreciably less than this 
amount, periodic calibrations were made at reduced 
voltage after it was initially established that changes 
arising from self-heating were negligible. The 
DRRS method has the advantage that all sections 
can be measured at their rated voltage. Under this 
condition the maximum power dissipation required 
of the standard resistor is 0.45 w. With some of the 
resistor assemblies now available the method can be 
extended to measurements at 200 percent rated 
voltage so that the overload capability of the 
standard volt box can be easily determined. 

The method has a further advantage in that the 
positions of the supply and galvanometer (detector) 
relative to the circuit are such that the change in 
circuit resistance as seen by the galvanometer is 
quite small. Thus the damping and galvanometer 
response are little affected throughout the measure- 
ments. 


4.2. Calibration Procedure 


The measuring circuits are indicated schematically 
in figures 4a and 4b; the reversing switch for the 
supply is omitted to preserve simplicity. Resistances 
A and B represent the two arms of a DRRS (in- 
cluding leads) each having a nominal value of 100 
ohms and S is a standard resistor always serving as 
a “‘Dummy”’ resistance and having a nominal value 
equal to that of the volt box section being measured. 
The guard branch that appears in figure 4b includes 
a resistance of about 80 ohms‘ in series with the 
appropriate guard section of the volt box; and the 
leads of the measuring circuit are of such length and 
size that at balance the DRRS reads near midscale. 

Measurements on the first five sections are made 
with the circuit of figure 4a. The d-c supply is 
connected to the 1.5 binding post and the detector 
to the zero dot (0.) so that rod resistances /;, /, . . . 
/,, appear in the A- and S-arms of the bridge 
rather than as part of the resistance being measured. 
Inequalities among the rod resistances can introduce 
errors in the measured ratios and are of greater 
significance when the low-valued sections are 
measured. There are three alternatives for locating 
the rod resistances: (1) both rods may be connected 


as part of the section being measured, (2) one rod | 


may be so connected and the other located in the 
S-arm, and (3) they may be arranged as shown in 
figure 4a. The relative magnitudes of the rod 
resistances in the NBS standard volt box indicate 
figure 4a as the preferred connection.’ 

The remaining sections whose resistances are 
250 ohms or more are measured in the network of 
figure 4b. (The rod resistances are expected to be 
negligible compared with the resistance of the section 
to which they are assigned.) The guard circuit of 
the particular standard volt box under discussion is 
not equipped with taps below the 15-v range so 
that it is used only on the ranges of 15 v and higher. 
Thus, for all successive resistances measured after 
the first five and to, but not including, the ‘15 to 
30” section, the guard branch of figure 4b is not 
used. For all remaining measurements the guard 
branch is connected as shown in the figure. 

The appropriate bridge network is balanced by 
adjusting the dials of the DRRS for a null on the 
detector as each section, or summation of sections, 
beginning with /?; , 1s inserted in succession in the 
“unknown” arm of the bridge. The procedure is 
as follows. With S=S,,=50 ohms, ‘the bridge 
of figure 4a is balanced with the first 50-ohm section 


4 The resistance per section of the guard of the 
resistance 


volt box is 0.8 that of the working 


The influence of these rod resistances can be completely avoided by modifying 
the circuit so that the 5)-ohm sections are measured as 4-terminal resistors 
This technique is described in reference {2] 
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FiGurE 4b. Circuit for measuring the higher-valued ratios. 





inserted in 
sequence, 


the unknown arm. In_ rapid 
each of the remaining four 50-ohm sections 
is inserted in turn and the bridge rebalanced in each 
instance. The resistance of each 50-ohm 
can now be stated in terms of the 
R,, and the measured difference, 


section 
resistance olf 
and the group 
can be summed tu give >) R,, (computed). The 
next set 


ments 


balances completes the series of measure- 
required for M,. It two 
measurements using the appropriate circuit of figure 
tp and with S=S 250 ohms. The reference 
balance with the sum of the 50-ohm sections 


group consists of 


is made 


2 hk 


having a nominal value of 250 ohms, 
arm through the zero 
and 0.75 binding posts and is immediately followed 
by a measurement of FP This set of 


provides a value of P (sixth 


connected into the unknown 


mMmeasure- 


ments section) in 


] 


terms Ol pe R and the measured difference. 


Since the value of 4) R,, is obtained by summing 
the values from the first five measurements, straight- 
forward substitution gives the value of #,, in 
terms of R and the sum of t he measured differences. 
Adding this to the value of >} R,, 


a 


value of R 


gives the total resistance of group M, 
the reference section Ff, ,. These two 
sets of measurements expressed mathematically are 
as follows: 


(computed 
referred to 


R,1=Sal1+(D 
R, »=f al (D 
R; Sall+(D 
R, .=8, (PD 
R, s=Sal1+(D 


D,)| 
D,)) 
Dy)) 
Dp) | 
D,)| 
where (1), ,— Dy), (D,.2—Dp), ete. 


, are the differences 
in proportional parts ‘ 


as deduced from the readings 
of the DRRS; JD is the reading of the DRRS for 
an exact 1:1 ratio. (The significance of Dy is 
explained in appendix A.) 

Subtracting the first equation from each succeed- 
ing equation and from itself, gives 


Ry, 
Ry; T Sard; 
R; 1 


6 Sec appendix A. 


where d, »>= (1) D,.1); di.3=(D,. 3—D, 


Since S,,=R,., closel vy enough, 


5d, r 
5R, , I » = | (6) 
1 wo 


measurements stated in similar 


: > R, i 


The second 
fashion is 


dD, D,) 


(Dy, .—Dp) |. 


On subtracting, this gives 


a So ih -+Sind,, where d; (D, D,, ,). 


Substituting eq (6) in the 
remembering that 


Sp: 5 R, 


above expression and 


’ becomes 


Cdk 
R, t 5R, it +->* ~ +-<, | 


Adding eqs (6) and (7) 


closely enough, R 


and arranging terms gives 


>) Riet RR, =10R, | 1 +>) * 4 “ (8) 
k=1 t ~ 
which states the total resistance of group /, in 
terms of F; , and the measured differences. 

Group 14, having a nominal value of 500 ohms 
and a true value given by eq (8), serves as the first 
section of group ., which, as in the case of group 
M,, consists of five nominally equal sections plus a 
sixth section having a value nominally equal to the 
sum of the five sections (see fig. 3). The sequence of 
seven balances is now obtained for group M,. In 
the first set of this sequence, with S=S,.—500 
ohms, each of the 500 ohm sections, beginning with 
group .M, as the reference section, is inserted in the 
bridge to obtain five measurements. In the second 
set two balances are obtained, first with all 10 
sections (2,500 ohms) in the unknown arm and then 
with the eleventh section (2,500 ohms) inserted; 
for this set, S=S,.=2,500 ohms. Since group 4, 
has a computed v: alue given by eq (8), the summa- 
tion procedure can be “extended through group ./!, 
which contains all sections up to the 15 v tap and 
becomes the first section of Mg. 

The same procedure is carried forward through 
groups .M,; and M, with resistance S always having 
a value nominally equal to that of the section being 
measured. 

The mathematical treatment presented in this 
section attempts to clarify the significance of the 
computation process associated with the step-up 
procedure (sometimes called a bootstrap technique), 
which may be masked in the more formal approach 
given in appendix B. 





4.3. Computations 


The readings of the DRRS having been recorded, 
the summation of their differences can be computed 
according to the following equation (developed in 
appendix B) to give the correction to the nominal 
ratios of the standard volt box 


Where N, true value of the ratios, 
N; nominal values of the ratios; 
d’s=measured differences in proportional 
parts. 


The schedule of computation given in table 1 was 
derived, in effect, by applying eq (9) to successively 
increasing values of k and m. Its arrangement 
permits the computation of all corrections in a single 
process without having to apply the equi ition directly 
each time a ratio is determined. The summation 
of the differences within a set (five-set or two-set) 
are kept separate until the final manipulation. This 
is indicated by columns 4, 5, and 6. The d’s are 
the differences within each the q’s are the 
corresponding summations; and the r’s refer to the 


set; 


separate —— appearing in the final terms of 


Column 7 is the summation of the sets for 
each successive ratio. 


eq (9). 


TABLE 1. 


Section in 


5OO 
500 
5OO 
500 


500 
AO) 


5, 000 
5, O00 
5, 000 
5, 000 
5, 000 


25, 000 
5, 000 


0-15 50, 000 < 
150-300 000 ‘ = 2 U2=dy,2 
300-450 50, 000 ‘ w= Ds ‘ “a= 
450-900 50, 000 Ma=Qaatd 
600-750 50, 000 


Schedule for computing corrections 


Grtdys 


U5= Gates 


5. Test Console 
After the test method was investigated for more 
than a year with the circuit assembled “bread- 
board” fashion, a small test console was designed 
and built so that the set-up time for a test would be 
reduced to a minimum. The console, shown in the 
photograph and indicated in figure 5, houses the 
DRRS, the galvanometer with its damping resist- 
ance, a mercury stand to accommodate the standard 
resistors, the 80-ohm guard resistor and the battery 
reversing switch. The DRRS, located in the lower 
portion of the console, is connected to the circuit by 
short leads brought to three binding posts located 
on the vertical panel immediately above the termi- 
nals of the DRRS. (With tl arrangement the 
DRRS can be easily removed and made available for 
other work.) The detector is a portable galvanom- 
eter mounted on a platform within the enclosure 
immediately above and to the left of the DRRS. 
The galvanometer observed through an 
opening in the front panel and the damping resist- 
ance, permanently mounted on the inside, is adjust- 
able in steps by a knob accessible to the operator. 
The mercury stand, located within the console on a 
platform adjacent to the detector and above the 
DRRS, can accommodate either a single resistor or 
several arranged in either series or parallel combina- 
tion. A removable top permits ready access to all 
components and wiring. 
As shown in the wiring 


lis 


scale is 


diagram of figure 5, the 
battery reversing switch, accessible on the front 
panel, carries a two-conductor shielded cable that 
terminates at a fitting located on the side panel. 


for the standard volt bor 


tion referred t 


5 section 
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0-300 
0-450 
0-900 
0-750 
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FIGURE 5. 


An external d-c supply is connected to this fitting 
with a pair of shielded leads equipped with a mating 
connector. The side panel also carries two single- 
conductor coax fittings, identified as “1.5-Hi’’ and 
“Hi,” and three binding posts, identified as ‘0.-Lo,”’ 
“Lo,”’, and “Guard.” 

When the first five sections of the standard volt 
box are measured separate unshielded leads are used 
to connect the terminals of the volt box (1.5 post, 
high-potential post of the section being measured, 
0. post, and low-potential post of the section being 
measured) to the respective terminals of the console 
(1.5-Hi, Hi, 0.-Lo, and Lo). For all other measure- 
ments special leads 7 and L are used to connect 
the section under test as indicated in figure 5. When 
the guard of the volt box is used, the pigtail of lead 
His connected to the high-potential terminal of the 
guard section and a connection is made from the 
“Guard” binding post to the low-potential terminal 
of the guard section. 
nections are omitted. 


Otherwise, these last two con- 


6. Consideration of Errors 


An examination of errors requires a careful study 
of all known effects that could render a measured 
value different from the true value within the 
specified accuracy. An appraisal of all components 
of the measuring circuit as well as a justification of 
approximations must be included, even though in 
this instance one would expect the associated errors 
to be negligible. 

The first possible source of error to consider is the 
DRRS. As in the usual case, this type of error can be 
avoided by calibrating the instrument and applying 
corrections. Apart from this procedure, however, 
it should be emphasized that an error in the measured 
value is diluted when the values of the ratios are 
considered. For example, if each scale reading were 
in error by e=1 ppm and all errors were in such a 
direction as to add when computing each difference 
their contribution to the error of a given ratio, when 


Test console and layout 


summed within any one of the five-sets, would be 


(k—1)2e 2(k—1) 
k k 


where k is the number of summed sections. For 
k=5 the error would be 8/5=1.6 ppm. Similarly, 
the error introduced in the measurements of the 
two-sets would be 

= | ppm. 

The maximum error would occur for the highest 
range since it contains all the sets. This would 
amount to only 9.4 ppm under these adverse con- 
ditions. Since the corrections to the DRRS used at 
NBS are less than 0.3 ppm and their signs and 
magnitudes have a random distribution, the errors 
in the ratio measurements are almost certain to be 
less than 1 ppm with no corrections applied to the 
dial readings. 

A source of error is concealed in the base (or 
balance) equation used in appendix B to develop the 
general expression for the volt box ratios. Referring 
to appendix A, the exact base equation is given as 


| 
(J) 
1+ j l 


I+; 


i. } S D,) 


> 
In 
whereas, the approximate value used in the mathe- 
matical development in appendix B is 
Ke h S{1 T (D, k -D,)}. 
The latter departs from exactness by an amount 


l; 


R (Dm x—Do) but is of second order. For example, 
m 


vo 
if —*- were as large as 0.1 percent and (D,, ,—Dp) rep- 


B,, 





resented a change of 500 ppm in the A-arm, the value | precautions are taken, the probability of this kind of 


for F,,., would be in error by only 0.5 ppm. 

Another error is concealed through approximation 
in developing the general expression that defines 
the volt box ratios (appendix ) when it is assumed 
that the value of the re 


“Dummy” resistor, including 


leads, is exactly equal to that of the section being 


measured. The error introduced through this 
assumption is second order since it is the product of 
two small terms. For example, consider the summa- 
tion of the first five sections (refer to eq (6)). 


k=5 
> j d; x 
=! 


If S,, differs from F,, and is given by Sy 
[1+] the summation becomes 
m5 et] 


k=5 J 

. ° ¢ ? 

where the magnitude of the error is yp, 54 —"" 
k=] 9) 


. Ry, 


5B | 1+ 30 t+ 


If both », and the summation were as large as 500 
ppm, the error would be only 0.05 ppm. 

Another possible source of error arises if the resist- 
ance in any one arm changes during the measurements 
of a given set. This change could occur in the leads 
and contacts, for example, and its effect would be 
greatest when measuring the 50-ohm sections. <A 
change of this nature can be considered as a change 
in Dy and an estimate of the error it introduces in a 
measured ratio can be obtained by considering the 
measurements of the first set. Assume an extreme 
case in which the resistance of a given arm increases 
in equal increments after the first measurement so 
that for subsequent balances Dy takes on new values. 
The measured values for the set become 


Sall T 
Sall- 


ae. 

+-¢)| 
A Sall+L T 2e€)] 
Sall 47 3e)| 
Sall+D, ; +-4e)] 


where ¢ is the change in J), between successive bal- 
ances. After taking differences, any given sum 
within the set can be written as 


k’ =k | ted (FS 
KR, if +25 dj i (h us} 


k k’ =] k 
Thus an error in any ratio formed within the set is 
K=k (k’—1)e 
rs) k . 
creased in increments of 0.0001 ohm in the S-arm 
(50 ohms) the magnitude of the error introduced in 


ki =k 


p> Ry, 


k=) 


For example, if a lead resistance in- 


; +m » 
the ratio —,, would be 4 ppm. If the usual 
‘11 


665368 


an occurrence is quite remote and could be easily 
observed from the detector response. A _ single, 
abrupt change would be more difficult to detect but 
an error from this cause can be avoided by taking 
a repeat set of measurements. 

The final consideration involves those errors that 
arise from the unavoidable presence of the rod 
resistances. This source of error could be the most 
critical of any because of its insidious nature. Two 
errors must be examined when considering the rod 
resistances. If the rod resistances are equal they 
can introduce an error if, when the standard volt 
box is used, the connections differ from those made 
during the process of calibration. The second error 
occurs if the rod resistances differ in magnitude. 

Consider the cause of the first error. When in 
use, the connections to the standard volt box are 
as shown in figure 6. There are no currents in rods 
l, and /,; rod /,, however, carries current by virtue 
of its connection to the supply. Thus the ratio of 
the standard in use is 


n 
p ir Ry +1, 
1 


N - 0 
N, R., (10) 


When the first five sections are measured (refer to 
fig. 4a) the rods are in the A- and S-arms. ‘Thus, if 
the ratio under consideration were one confined 
solely to these sections, the measured ratio would be 


n 

-* 
2 Rw 
Nine — 


‘11 


and eq (10) can be written as 


N; ltagrh ] (12) 
LV 5 fbi) 


In the measurement and summing process through 
the higher ranges, the rod resistances form part of 
the section being measured. (See fig. 4b.) How- 
ever, if the rod resistances are equal, their effects 
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cancel and the difference between the ratio in use 
and the one measured is the same as that given in 
eq (12). It is apparent then that the ratio in use 
differs from the measured ratio by an amount equal 
to the rod resistance divided by the total resistance 
of the range used and occurs even though the rod 
resistances are equal. If the standard volt box were 
used as a 4-terminal voltage divider the above cor- 


n 0 


, a l 
rection to the ratio in use would be -3;,,— since /y be- 
NiRi 


comes part of the high voltage side. 

The magnitude of an error arising from inequali- 
ties in the rod resistances depends on where the rods 
are located in the bridge network. As stated in sec- 
tion 4.2, there are three alternatives for connecting 
the rods and the choice of orientation is not as clearly 
indicated when measuring the 50-ohm sections as 
when measuring the higher-valued sections. For 
the purpose of analysis, consider the measurement 
of the low-valued sections and the particular con- 
nection shown in figure 4a 

For this condition, differences among the rod re- 
sistances may be considered as producing changes in 
D, so that, if the respective rod resistances are 
identified as /,, /o, ete., the measured resistances are 


Ry :=Sal1+D,.—D 


R, 3=S8 | 4%) 


S| 1+D, 
| J) 
R 


1+D D 


J 
a 
suf 
suf 





=f 


If the rod resistances are measured, their contribu- 
tion to the error any ratio can be evaluated. 
Comparable sets of equations can be formed for the 
other two cases and corresponding errors evaluated. 
If the successive values of rod resistances neither in- 
crease nor decrease, it cannot be stated categorically 
that one connection is preferred to another. Thus 
a comparison of the resulting errors for the three 
possible connections must be made and the connec- 
tion chosen which yields the smallest errors. Such 
a comparison applied to the NBS standard volt box 
indicated that the circuit of figure 4a is preferred. 
As measurements are continued through the higher 
ranges, the rods are connected as part of the large 
resistance being measured so that their effects are 
further reduced. 

In the NBS standard volt box recently acquired, 
rod resistances from zero through the 6-v range are 
about 510-* ohm and their differences are suffi- 
ciently small and random in sign that the maximum 
error they produce in a ratio measurement is less 
than 0.3 ppm. 


of 
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7. Summary 


A particular type of voltage ratio standard and a 
method for its calibration are discussed. Although 
the method is described in its particular application 
to the NBS standard it can be used equally well in 
other networks. Errors that might appear in the 
measurement of its ratios and procedures for evaluat- 
ing their magnitudes are outlined. With a standard 
volt box of proper design, the calibration method as 
set forth should yield results that are good to an 
accuracy of 10 ppm or better. This estimate of 
accuracy is based on the theoretical considerations 
of the circuit and its parameters, on the continued 
vood agreement with those values of ratio obtained 
by the older method, and on other self-consistent 


tests. 


The author appreciates the assistance of Rita 
MeAuliff and Ronald Dziuba who made most of the 
measurements and constructed the test console. 


8. Appendix A 
8.1. Comments on the DRRS 


Complete discussions on the DRRS and its use in 
the accurate measurement of d-c resistance are 
contained in references [2], [3], and [4] so that an 
elaborate treatment is not warranted. However, 
certain aspects are emphasized here in order to 
clarify the meaning of particular equations, as well 
as justify their use. 

The DRRS is used principally in comparing two 
nearly equal resistances and under these conditions 
has an accuracy of about 1 ppm. It comprises two 
resistance arms of about equal magnitudes with one 
arm B’ having a single-valued resistance (in most 
cases 100 or 1,000 ohms) and the other consisting of 
a fixed resistance in series with an adjustable section. 
The adjustable branch contains, in most cases, four 
resistance groups, each provided with a selector to 
vary the resistance and register the change on suit- 
ably marked dials. The resistance of the A’-arm 
can be varied by about 0.5 percent on either side of 
the B’-arm value to a least count of 1 ppm. The 
dials register in increasing numbers as resistance is 
added to the fixed portion of the A’-arm. Since the 
DRRS is used to measure differences between two 
nearly equal quantities, the dial readings can be 
translated to ppm or, as is often the case, the dials 
may be marked in ppm. 

The reader should note carefully the form in which 
small corrections are recorded or used in derivations 
and computations. As usually constructed, a change 
of one step on the lowest dial of a four-dial DRRS 
corresponds to a change of 1 ppm in the ratio. At 
one particular balance of a measuring circuit the 
reading of the DRRS should be thought of simply 
as a four-digit number, such as 5472. If a second 
balance of the same circuit yields a DRRS reading 
of 5459 the measured ratio change is —13 ppm, this 





being the first point at which the abbreviation 
“ppm” should be introduced. In recording data 
and computations (see table 1) it is convenient and 
space saving to enter DRRS readings as four-digit 
numbers, and ratio changes in ppm. In deriving 
equations, however, (and corrections based thereon ) 
ratio changes should be expressed in proportional 
parts. A ratio change in proportional parts is one 
millionth of the change expressed in ppm. In the 
above illustration the ratio change is —0.000013 
proportional parts. See reference [2] for further dis- 
cussion of these terms. 


8.2. Bridge Balance Equation 


Figure 7 indicates a bridge network in which the 
adjustable arm of the DRRS is represented as a 
section of fixed resistance in series with a uniform 
slide wire of high resolution. Let B,, indicate the 
resistance of the B-arm of the DRRS, A,, the resist- 
which A,,=B,,, lo and J; the 
resistances with /,#/,, and S the 
standard serving as the “Dummy” 
For convenience, let the DRRS be without 
error as previously determined from calibration. 

Assume first that a standard resistor S,, having a 
resistance equal to S, is inserted in the unknown 
arm and the bridge balances at some point for which 
the A- and B-arms of the DRRS are not equal. 
Let the resistance of the A-arm of the DRRS be Ag 


The equation of balance 


ance of its A-arm for 
respective ane 
resistance of : 

resistor. 


for this balance condition. 
is given by 


’ (Ag+l,) ] - 
S | j ls) | (13) 


is the resistance of the 


Thus Ay l-arm of the DRRS 


when the ratio arms (A- and B-) of the bridge are in 
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Ficgure 7. Circuit indicating the 


balance equation. 


1] 


DRRS with respect to the 


al:l ratio. Next, let S, be replaced by a resistance 
whose value is R and let A, be the resistance of the 
A-arm of the DRRS under the new balance condi- 


tion. The equation of balance is 


> y} (Aart l;) ; 
B=S le 1 2 | 


(14) 


(14) 


Subtracting (13) from and rearranging terms 


gives the value of ? as 
( l 
g| “tat 4 
lees A 
. (Ap— Ap) 
5 [i+ (B,,+-ly) 


Since A,, and B,, equal the respective resistances of 
the A- and B-arms of the DRRS when A,,= B,,, let 


(15) 


where Ap and Ay are small changes in the resistance 
of the slide wire. Equation (15) becomes 


(A,,+Ao) 
rT, 


Ar) 


R sf , (Ans 


which can be written as 


Now the dials of the DRRS (assumed 


since E 


B, 
to be without error) indicate, in effect, that in going 
from a position corresponding to the resistance A 
to that of Ap, the resistance of the A-arm of 

; Ar 
DRRS has changed 1 


in going from A, 


m 


the 


by in proportional parts; 


and similarly, to Ao the resistance 


has changed by Hence, 


AR 


A, 
rr D,,) and 


(Dr (D,—D, 


where Dp, Do and D,, refer to the respective readings 
of the DRRS translated into proportional parts. 
Substituting these values in (16) gives 


R=S|1 7 (Da—Dy) 
“a 


( 


by ad is sufficiently small 


l, 
B. 





P 
{= 


R= S{1+(Dpe—D)). (18) 

In the notation used in developing the general 

expression given in appendix B, this corresponds to 
R,, i San 1 (D,, i Dy)|. 

It should be noted that the concept of Dy has been 
generalized for the purpose of this paper to indicate 
that setting on the DRRS for which the ratio 
arms between terminals 3 and 4 have a 1:1 ratio. 
In most uses of the DRRS, particularly in the com- 
parison of resistance standards, arms A and B 
contain only the DRRS and J) is a constant, defined 
as the setting for which the A- and B-arms of the 
DRRS have a 1:1 ratio. 


9. Appendix B 


Referring to the text and to figure 3, the working 
resistance is considered as made up of four groups, 
with each group containing six sections. The first 
five sections of any one group have nominally equal 
resistances and the sixth section has a resistance 
nominally equal to five times this value (sum of the 
five sections). Counting from the low-potential 
end, the first section of each group (after the first) 
is formed by all the preceding sections connected in 
series. Any section, therefore, can be identified by 
two integers; the first, m, specifying the group to 
which the section belongs, and the second, k, specify- 
ing the position of the section within its group. 

If the Wheatstone bridge of figure 4 is balanced 
as each of the first five sections of group m is in- 
serted in succession in the unknown arm, then the 
resistance of the first section and of the k#th section 
can be written as, 

R,, 


(Dp. D,) | 


(DD, } D,) | 


where 


Sam 18 the resistance of S and has a nominal value 
equal to that of the volt box section being measured; 

D,,, and D,,, are the readings of the DRRS in 
proportional parts * when the first and kth sections, 
respectively, of group m are inserted in the unknown 
arm; 

Do is the reading that would be indicated on the 
DRRS if the Wheatstone bridge were in exact 1:1 
ratio, 


Subtracting (19) from (20) gives 


Rn x— Ra, :=San[Dn.1— Da, 1] 


* Strictly speaking, as emphasized elsewhere in the paper, (Da.—Do) and 
Dm .«— Do) are the differences in proportional parts as deduced from the readings 
of the DRRS 


12 


or 
Rin k 


> y 
Rh m,1-7 Sand m k 


where 
din k 


|D,, i dD, 1} 


The sum of the first five sections of group m is 


k=5 k=5 

‘ > ~~ y “ 
> R m,h 5K m,171 San > j 
k=1 k=] 


(22) 


dy A 


since each section has the same nominal value and 
Sam is used throughout the set of measurements. 

If now the resistor S,,, is replaced by S,,, and the 
bridge is balanced first, with the five sections (con- 
nected in series) and then with the sixth section 
inserted in the unknown arm, we have 


k=ii 
Dy Rni=S 


— 
k=1 


(Dm. .—Dpo) | 


bm| l 


and 


R,, (D,, t 


rt 


Som{1 D)\ 


where 


D,,., is the reading of the DRRS when the sum of 
the five sections is inserted; 

D,,, is the reading when 
inserted. 


the sixth section is 


Subtracting (23) from (24) gives 
k=5 


R», i->) Rint 
k=1 


Som x. ion is 8 


k 


=5 


| kt Somdm, : 


where 


[Dm, 1—D mm, 3). 


m, t 


Substituting (22) into (25) gives 


Rn t 5 R m,1 71 vei 


(26) 


> Br d.% T S 
k=1 


bm 
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which defines the resistance of the sixth section of the 
group m in terms of the sum of the first five sections 
and the measured differences. 

The total resistance of group m is the sum of the 
resistances of the six sections that comprise the 
group. Its value is found by adding (22) and (26) 
so that 


k= 


5 
R,.=>5 He kT Ras 102, 17 2 Sem 
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k= 
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din, kT 
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Y 
S ~ = t 


Z k 


Remembering that the total resistance of group m 
is also the first section of group (m+1) and noting 
that 
S.n=10"-'R,, 
and 
Dice® 


5 ‘ 10” ‘Rk, 1 





we have from (27) 


5 
> j din k 
k=] 


| (5 . 10” 


ae 1 10R,, 17 (2 ‘ 10” 'R, 1) 


TR, 1)dm, s (28) 

Equation (28) serves as the connecting link between 
one group and the next. If it is applied successively 
to increasing values of m, beginning with m 
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one finds that the resistance of the first section of | 


any group m can be expressed in terms of the re- 


sistance of the first section of the first group and the | 


measured differences by the general equation 


10"-'RR, .+(2X10"-2R, 5) 


k= 5 k=5 k=5 
[ Sat Soden. + Eda] 
k=] k=\ k=] 


(5 >< 10” 2R, i){d, ot dy SP oe ah (29) 
Equation (21) states that the resistance of the kth 
section of group m is 

R, R,, 


+ Sande , +. (1 ()”" R, a ae 


so that the sum of all resistances up to and including 
the Ath section of group m is 


k 
Rn. KR t+ (10"-"Ry,1) >) dm, e 


SS 
— 


(30) 


Substituting 


ie 


(29) in (30) and factoring out k«10"7! 


vives 


ie 


Any given ratio of the volt box is defined as the ratio 
of the sum of all resistances up to the kth tap of 
group m to the resistance of the first section of the 
first group. Thus, by definition, any ratio of the 
Sm. i 
Ri, 


nominal ratio, eq (31) can be written in the form 


volt box is so that, since (k«10"~') is the 


Sin. k 


Nm, 
Rs 


Ninel + om, «] 

where Nj, are the nominal ratios and u,,, are the 
corresponding corrections in proportional parts, com- 
puted from the difference terms that appear in eq 
(31). The corrections can be stated in ppm by 
multiplying by 10°. 
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Stability of Residual Thiosulfate in Processed Microfilm 
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The concentration of residual thiosulfate (hypo 
The 
linearly with the image density up to a density of about 
thiosulfate increased as the relative humidity increased. 
for nine months in film stored at 


tion with storage humidity were measured. 
the 


sulfate in a silver-free area remained constat 


it 


in processed microfilm and its varia- 
thiosulfate concentration varied 
2. The rate of decomposition of 
The concentration of thio- 
14-percent 


initial 


relative humidity but began to decrease within two weeks at 88-percent relative humidity 
rhe residual thiosulfate in processed microfilm reacted with the silver in the image to form 
silver sulfide and the amount of sulfiding during aging at 88-percent relative humidity was 


measured 


with the silver concentration in 


The residual thiosulfate concentration in microfilm was found to vary linearly 
the fixing bath. 


Potassium bromide, potassium iodide, 


and sodium chloride reacted with the residual silver thiosulfate complex making the thiosul- 


fate soluble 


1. Introduction 
The of microfilm for record purposes has 
increased rapidly during the past three decades 
and many microfilm records are intended for archi- 
val In the usual silver halide photographic 
process the image is fixed in a solution of sodium or 
ammonium thiosulfate and then the film is washed 
to remove the thiosulfate. If, due to inadequate 
washing, the residual thiosulfate concentration is 
excessive, the image may be damaged or destroyed 
since the thiosulfate reacts with the image silver 
to form silver sulfide and this reaction takes place 
rapidly at high relative humidities, 

It is known that the thiosulfate concentration in 
freshly processed microfilm varies with the image 
density and that the thiosulfate decomposes during 
storage [1, 2, 5]... Data were needed on the decom- 
position of residual thiosulfate to determine the con- 
ditions under which the analysis for the residual 
thiosulfate could be expected to assess the potential 
damage to the image on storage. 

The relationship of the residual thiosulfate con- 
tent to the image density on freshly processed micro- 
film was measured for a wide range of densities. 
The decrease in the thiosulfate content and the 
amount of image silver sulfided during aging were 
measured. The effect of the nature of the fixing 
bath on the retention of thiosulfate during washing 
and the role of halide salts in removing thiosulfate 
from microfilm after fixation were investigated. 


use 


use. 


1 Figures in brackets indicate the literature references at the end of this paper 
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Potassium bromide and iodide effected the complete elimination of thiosulfate 


2. Preparation of Samples 


Samples of 35 mm microfilm were cut in 10-in. 
lengths and exposed in an intensity scale sensi- 
tometer. The processing procedures were similar 
to those described in a previous paper [6]. The 
samples were developed 3 min, treated 30 sec in a 
stop bath, and fixed 6 min (3 min in each of two 
fresh baths). The processing was carried on at 
room temperature (22 to 28 °C) employing the 
solutions listed in the appendix, section 9.1. About 
2 liters of fresh solution were used in each processing 
operation emploving nominal 8 by 10-in. enameled- 
metal trays. Not more than eight samples were 
processed or treated at one time. The samples 
were continuously agitated by hand during process- 
ing. The samples were washed in a rapidly flowing 
stream of tap water at a constant temperature and 
for the required washing time to obtain the desired 
residual thiosulfate concentrations in processed 
microfilm or to measure the decrease of the thiosul- 
fate concentration for different washing times. 
During the first minute of washing the tray was 
emptied three times to facilitate the removal of the 
fixing solution on the surface of the samples. At 
the end of the washing period the samples were 
taken up by one end, shaken to remove the surface 
water, and placed, emulsion side up, on clean white 
blotting paper to dry. 

The samples had one unexposed area and six areas 
with various exposures, the area of each step being 
19, in. by 14% in. The exposure was controlled to 
obtain a density of approximately 0.3 in the area of 


least exposure and 4 to 4.5 in the area of greatest 





exposure. The transmission density was measured 
with a densitometer calibrated against a step tablet 
measured by the American Standards Association 
method [3]. The density of the base and fog, meas- 
ured on the unexposed area, was subtracted from 
the other density readings. In each run, several 
microfilm samples were given the same exposure in 
the sensitometer. Transmission density measure- 
ments were made on one step tablet of each kind 
and the others were used for the residual thiosulfate 
or sulfiding determinations. One square inch of film 
was cut from each step for the thiosulfate determi- 
nation. The image densities from the same runs 
showed a variation of 0.00 to 0.03 in the low den- 
sities and 0.00 to 0.05 in the high. These variations 
in the image density in the same run were not large 
enough to cause a measurable difference in the thio- 
sulfate and sulfiding determinations. The original 
thiosulfate determination was made within an hour 
after processing. The thiosulfate contents were gen- 
erally the same for the same steps in the tablets in 
each run but there was an occasional variation of 
1 w/in.” in the low image densities and 1 to 3 ug in 
the high image densities when the thiosulfate con- 
centrations were low but a variation of 2 to 5 ye 
in all image densities when the thiosulfate concentra- 
tion was 60 to 70 ug. 

The thiosulfate content in the processed microfilm 
was determined by the American Standards Associa- 
tion method [4] except that more standard solutions 
were used and the test samples and standards were 
allowed to stand 25 min instead of 15 min before 
examination. The turbidity or opalescence of the 
solutions was compared with the prepared standards 
visually. The test is very sensitive, being capabl 
of detecting one part of thiosulfate in one million. 
Standard samples for comparison were prepared by 
adding 2, 5, 7, 10, 15, 20, 25, 30, 40, 45, 50, 
60, 65, 70, and 75 ue of sodium thiosulfate (Na.S.O 
to the 10-ml mercuric chloride-potassium bromide 
test solution. The thiosulfate concentrations are ex- 
pressed in terms of anhydrous sodium thiosulfate 
(Na,.S.QO,) in micrograms per square inch (yg/in.* 
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FIGURE 1. Photograph showing the turbidity of the 


| 
| 


precipitate formed by the residual thiosulfate 


3. Relationship of the Residual Thiosulfate 
Concentration to the Image Density 


Step tablets of microfilm were washed until the 
unexposed step gave a negative test for thiosulfate 
and the step with the lowest image density, a posi- 
tive test. This was accomplished by washing the 
tablets, after fixation, for 3 min in a rapidly flowing 
stream of tap water at 25 °C. 

Figure 1 is a photograph of seven vials showing the 
turbidities formed in the mercuric chloride-potassium 
bromide test solution by the residual thiosulfate in 
one square inch of film taken from each of the seven 
steps of a typical step tablet. Viewing from left to 
right, the image densities of the samples ranged 
from 0.00 to 4.13 and their respective thiosulfate 
concentrations from 0 to 10 ywg/in.2 Though the pre- 
cipitate is hardly perceptible in the photograph of 
the second vial, it was clearly visible during the test. 
A Coleman nephelometer was obtained and these 
experiments were repeated to compare the photo- 
electric method with the visual method in determin- 
ing the relationship of the residual thiosulfate con- 
centration to the image density. 

The thiosulfate concentrations are plotted against 
the image densities in figure 2. One curve is typical 
for determination of the thiosulfate by the visual 
method and the other for the photoelectric method. 
The results from the nephelometer were higher in 
the high image densities. As shown in figure 2, the 
thiosulfate concentration varied practically linearly 
with image density up to a density of about 2 but 
tended to level off at the bigh image densities. 
the concentration of the residual thiosulfate is prob- 
ably related to the amount of surface of the image 
silver this suggests that the surface of the silver in 
the high image densities does not increase propor- 
tionally with the increase in optical density. Scott 
|5| had previously reported that the residual thiosul- 
fate in microfilm was roughly proportional to the 
image density. Thus, if the test for hypo concen- 
tration were made in a clear area, it would be pos- 
sible to find no more than 5 ug of residual thiosulfate 


Since 


in the thiosulfate test solution, 


for diffe rent image densities. 


shown in parentheses were as follows 
5 7 , and 4,13 (10), 


16 


5), 3.7 


left to right, 0.00 (0), 0.2: less in 1), 0.44 (1), 0.88 
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Figure 2. Residual thiosulfate concentration versus transmis- 
sion (image) density in processed microfilms A and B when 
the washing is stopped as close as possible to the point where 
the clear area (zero image density) just ceases to give a positive 
lest for thiosulfate. 


per square inch as required by the American Stand- 
ard specification for permanent record film [2] but, 
if the test were made in an area of high image den- 
sity, well over that amount would be found. 

The thiosulfate concentration during washing is 
shown in figure 3 for one microfilm ‘for different 
image densities.. Four step tablets were given the 
same exposure, developed and fixed together, and 
one step tablet was removed from the washing tray 
at 5, 10, 20, and 60-min intervals. It was found that 
the thiosulfate concentration varied nearly linearly 
with the image density for each washing time. 

One kind of microfilm had different  w: ashing 
characteristics than the four other microfilms in- 
vestigated. The thiosulfate was almost compietely 
removed by washing for 10 min, only 2 yg of thio- 
sulfate per square inch remaining in the high image 
densities. The amount of image silver sulfided in 
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Figure 3. Decrease in thiosulfate concentration during washing 

at 25 °C, different image densities, for one microfilm. 
The image densities are noted on the curves. 
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this microfilm during fixation [6] was much less than 
in the other films. This suggests that there is some 
relationship between the sulfiding of the silver image 
during fixing and the retention of the thiosulfate 
during washing. When the other four microfilms 
were fixed in a bath containing 1 g of potassium iodide 
per liter, only 2 yg of thiosulfate per square inch 
remained in the high image densities after a 5-min 
wash and the sulfiding of the image silver during 
fixation was much less than normal. 


| 4. Effect of Humidity on the Stability of 


Residual Thiosulfate 


Samples of microfilm were suspended on hooks 
above saturated salt solutions in sealed glass jars. 
Saturated solutions of the following salts were used 
to obtain the desired relative humidities: lithium 
chloride, LiCl,-H,O, for 14-percent relative humidity; 
sodium dichromate, Na,Cr,O,-2H,O, for 53-percent; 
and barium chloride, BaCl,-2H,O, for 88-percent. 
Sodium dichromate has been widely used to main- 
tain the desired humidity in film storage cabinets. 
The saturated salt solutions were stored at room 
temperature ranging from 20 to 28 °C. It is recog- 
nized that changes in temperature cause slight 
changes in the relative humidities if, as in this case, 
the air is not stirred, but for the present study the 
relative humidities were taken to be 14, 53, and &8- 
percent. 

The glass jars were right rectangular cylinders 13 

long by 9 in. wide by 19 in. high, inside. The 
covers were sheet Lucite, % in. thick. Hooks of 
Lucite rod were fused to the cover. Sulfur-free 
rubber tubing was cut lengthwise and sealed to the 
top edge of the jars with rubber cement. This 
rubber gasket was coated with Cello-Grease (Fisher 
Scientific Co.) to effect a seal between it and the 
cover. A weight of several pounds rested on the 
cover during the aging. The glass jars were kept 
together in a closed light-tight cabinet. The bottom 
of the cabinet was 4% in. from the floor and there 
was free air space at least 3 in. thick surrounding 
the jars. The temperature in the cabinet was 
recorded automatically. 


4.1. Stability of Residual Thiosulfate in Silver-Free 
Microfilm 


Samples of microfilm were cut 10 in. in length and, 
without exposure, were developed, stopped, and fixed. 
After fixation, they were washed 1%, 2, or 3 min ai 
25 °C to obtain different concentrations of residual 
thiosulfate. Samples containing 3 to 23 yg of 
thiosulfate per square inch were obtained by this 
procedure. The thiosulfate concentration was deter- 
mined in six samples in each run and two of these 
were placed in each of the three glass jars having, 
| respec tively i4, 53, and 88-percent relative rpm pd 
The thiosulfate concentration was measured on 1 in.” 
of each sample at selected time intervals pea 9 
months. Table 1 gives the tabulated results of five 
runs. The two samples in each jar generally had the 
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washed at 25 °C 


{Runs ! th: run 4in a bath containing 4 g of 


ining g of silver per liter.] 


concentration with an occasional 
difference of 1 wg. The average value is reported in 
the table. The residual thiosulfate in silver-free 
processed microfilm was stable for 9 months at 14- 
percent relative humidity. A slight amount of 
decomposition was found in the higher thiosulfate 
concentrations after only 2 weeks at 88-percent 
relative humidity. Therefore, if tests are to be 
made on clear microfilm, they should be made within 
2 weeks after processing if the samples are stored at 
about 90-percent relative humidity and within 2 
months if they are stored at about 50-percent. When 
the samples were fixed in baths containing 4 and 8 g 


same thiosulfate 


of silver per liter, respectively (runs 4 and 5 in 
table 1), the presence of this rather large amount of 
silver thiosulfate complex in the fixing bath did not 
materially affect the rate of decomposition of thio- 
sulfate in the silver-free area of microfilm. In some 
runs, two samples were stored in a desiccator over 
anhydrous calcium sulfate and these always retained 
the same thiosulfate concentration as the two samples 
kept at 14-percent relative humidity. 
4.2. Stability of Residual Thiosulfate for Different 
Image Densities 

Step tablets of one microfilm were washed until 
the clear area give a positive test for 
thiosulfate. 


ceased to 
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Ficure 5. Decrease of th iosulfate concentration in diffe rent 
image densities during aging at 53-percent relative humidity 
and room temperature (29 to 30 °C) for microfilm A. 


The image densities are noted on the curves. 





run were measured and a square inch of film from 
each step of two tablets was analyzed for its thio- 
sulfate content. The remaining samples were hung 
in one of the constant-humidity jars. At selected 
time intervals, the thiosulfate concentration was 
determined for each image density in one step tablet. 
The thiosulfate concentration versus time for each 
image density is shown in figure 4, for aging at 
14-percent relative humidity; figure 5, for 53-percent; 
and figure 6, for 88-percent. The concentration of 
thiosulfate in most of the silver densities became 
zero during the test and the curves are extrapolated 
(dashed line) to zero concentration at an estimated 
time when the thiosulfate test would be negative. 
This was also done in figure 3. Figures 4, 5, and 6 
show that the thiosulfate is unstable in the presence of 
silver and that the rate of reaction increases as the 
relative humidity increases. The rate of reaction 
was very high at the outset but diminished with time. 
In the highest image density no thiosulfate remained 
after 3 days at dSd5-percent relative humidity, and 
only 1 wg remained after 6 days at 53-percent, and 
11 days at 14-percent. Figure 6 shows that within 
6 hr at SS-percent relative humidity there is an 
appreciable decrease in the thiosulfate concentration. 
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Fiat RE 6. Dee reast of thiosulfate concentration in differ ni 
image densities during aging at 88-percent relative humidity 


and room temperature (27-28 °C) for microfilm A. 


The image densities are noted on the curves, 


For this reason the first 
for each run was 
processing. 

Table 2 gives the thiosulfate concentration for 
step tablets with high initial concentrations ot 
residual thiosulfate after 1 to 90 days at S8-percent 
relative humidity. 
2% min at 6 °C 
concentrations. 


thiosulfate determination 
made within an hour after 


The step tablets were washed 
to obtain these high thiosulfate 
In another run, step tablets from 
the same kind of microfilm used to obtain the data 
in table 2 were fixed in a bath containing 8 g of silver 
per liter and essentially the same results were ob- 
tained as those shown in table 2. This indicates that 
the stability of thiosulfate is not greatly affected by 
the silver thiosulfate complex formed during fixing 
in the presence of silver. Table 2 shows that the 
reaction of the thiosulfate with the image silver was 
faster in the higher densities where there was more 
available silver for sulfiding. The thiosulfate in the 
low image densities reacted if aged long enough. 


TABLE 2. 
during aging at S88-percent 


a) , ( 


Thiosulfate concentration in di fie rent image densities 


relative humidity and oon 


temperature 


sulfate Cor 


The above experimental results show that the test 
for residual thiosulfate in image silver of processed 
microfilm should be made within an hour after 
processing. Even at 14-percent relative humidity 
the thiosulfate reacts slowly with the silver in the 
image. 


5. Formation of Silver Sulfide in the Image 
at 88-Percent Relative Humidity 


Residual thiosulfate in the processed film reacted 
with the image silver to form silver sulfide. Any 
thionates, if present, would also react with the image 
silver to form silver sulfide. The reaction was slow 
at low humidity but quite rapid at high humidity 
and continued until the silver or the thiosulfate was 
exhausted. The amount of sulfiding of the image 
silver during aging was determined in terms of 
optical transmission density of the silver which had 
been sulfided. The image silver remaining after 
aging was removed by a bleach, leaving the silver 
sulfide image or residue which was then reduced to 
silver. The process was carried on in daylight but 
not in direct sunlight. 





The step tablets were treated 5 min in a dichromate 
bleach bath (see appendix 9.2), washed 10 min in 
tap water at 25 °C, treated 3 min in a clearing bath, 
fixed 3 min, and washed 10 min in running tap water. 
After the step tablets having an image of silver 
sulfide were dried, they were treated 2 to 3 min at 
25 °C in a permanganate bleach bath (see appendix 
9.3), rinsed 10 sec in running tap water, treated 2 to 
3 min in a clearing bath at 15 °C, washed 10 min in 
running tap water at 15 °C, shaken to remove 
surface water, and hung to dry in the dark. The 
step tablets were then exposed for 10 min to a 100-w 
tungsten lamp at a distance of 12 in., developed 5 
min at 20 °C, treated 1 min in the stop bath at 15 °C, 
washed 5 min in running tap water at 15 °C, shaken 
to remove excess water, and hung to dry. The step 
tablets then had an image of silver obtained by the 
reduction of the silver sulfide. 

Eight step tablets were used in each run. The 
image densities were measured on one step tablet and 
the thiosulfate concentration was determined for 
each density of two tablets after processing and one 
tablet after aging. After processing, two tablets 
were treated in the thiosulfate eliminator described 
in appendix 9.1 to determine the amount of sulfiding 
of the silver image during fixation. Two tablets were 
aged at 88-percent relative humidity and treated in 
the thiosulfate eliminator. The two tablets that 
had been treated in the eliminator after processing 
and the two that had been aged and treated in the 
eliminator were bleached at the same time to obtain 
the silver sulfide image which was then reduced to 
the silver image. 

Eight step tablets of one microfilm were fixed and 
washed 3 min at 25 °C to obtain low thiosulfate 
concentrations in the image densities. The results 
are shown in table 3. Two of the tablets were aged 
6 days, at the end of which time all of the residual 
thiosulfate had disappeared. There was an increase 
in the amount of silver sulfided for all densities. 
The density of silver sulfided during aging is not 
shown directly in table 3 but may be obtained by 
subtracting the density of the silver sulfided during 
fixation from the density of silver sulfided during 
fixation and aging. 


TABLE 3. Density of the silver s ulfided during fixation and by 
with residual thiosulfate 
during aging at 88-percent 


eaction n the processed microfilm 


relative humidity at room te mpera- 


ture 


of silver image obtained 
ching and reducing the 
lver sulfide image 


Silver sulfided during 
fixation + silver sulfided 
by reaction with 
thiosulfate during 6 
days at 88% 


rh(25-26 °C 


20 


Eight step tablets of one microfilm were fixed and 
washed 3 min at 3.5 °C to obtain high thiosulfate 
concentrations in the image densities. Two tablets 
were aged 27 days. The results are shown in table 4. 
Some of the thiosulfate remained in the low densities 
after 27 days but none was left in the high densities. 
The data in tables 3 and 4 show that the residual 
thiosulfate in processed microfilm reacts readily with 
the image silver to form silver sulfide at 88-percent 
relative humidity. 


TABLE 4. Density of the silver sulfided during firation and by 
reaction with residual thiosulfate in the processed microfilm 
during aging at 88-percent relative humidity at room tempera- 
ture 


Residual thiosulfate, 
pe/in.? 


Density of silver image obtained 
by bleaching and reducing the 
silver sulfide image 


Original 
densit y Silver sulfided during 
fixation + silver sulfided 
by reaction with 
thiosulfate during 27 
days at 88° 
rh(23-27 °C 


Silver 
sulfided 
during 
fixation 


After 


ocessing 


6. Effect of the Silver 


Concentration in the 


Acid Fixing Bath on the Residual Thio- 


sulfate Concentration in Processed 


Microfilm 


Experiments were made to determine the effect 
of the silver concentration in the fixing bath on the 
retention of thiosulfate in microfilm during washing. 
The addition of silver to the fixing bath causes the 
formation of a silver thiosulfate complex, the presence 
of which makes it difficult to remove the thiosulfate 
by washing. The silver was added to the fixing 
bath in the form of silver bromide. Four step 
tablets were fixed at the same time, one each in 
four fixing baths containing different concentrations 
of silver, and were washed in the same pan for 10 
min at 25 °C. The effect of the silver concentration 
in the fixing bath on the retention of thiosulfate 
during washing for different image densities is 
shown for one microfilm in figure 7. The residual 
thiosulfate concentration in the microfilm during 
washing varied linearly with the silver concentration 
in the fixing bath for each image density. 


7. Total Elimination of Thiosulfate From 
Microfilm After Fixation 


Complete elimination of the thiosulfate is neces- 
sary for the determination of the amount of sul- 
fiding of the silver image during fixation and aging. 
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Figure 7. Effect of the silver concentration in the fixing bath 
on the concentration of residual thiosulfate for different image 
densities after a 10-min wash at 25 °C, on one microfilm. 


A residual thiosulfate concentration of 2 or 3 yg/in.* 
will give a measurable increase in silver sulfide during 
aging as shown in table 3 for the low image densities. 
Washing for 1 hr will not completely remove thio- | 
sulfate from the areas of high image density of 


most microfilms. Even after treatment in alkali 

solutions, tablets still contained traces of thiosulfate 

in these areas, and an investigation was made to 

find how the thiosulfate could be completely elimi- | 
nated. 

A hydrogen peroxide-ammonium hydroxide solu- 
tion has been recommended for the removal of 
thiosulfate from photographic materials [7]. Step 
tablets were fixed and washed 3 min, treated 10 min 
in the thiosulfate eliminator at 20 °C, and washed 
15 min at 25 °C. The formula for the eliminator 
was as follows: 
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50 ml 
10 ml 
1 liter 


Hydrogen peroxide (30%) 
Ammonium hydroxide (28%) 
Water to make 


The image densities and residual thiosulfate con- 
centrations are given in table 5 for fixation in a 
silver-free bath and a bath containing 8 g of silver 
per liter. The thiosulfate concentrations were 
about the same as those obtained when the microfilm 
was washed for 1 hr in running tap water, as indi- 
cated in figure 3. The concentrations of thiosulfate 
were slightly higher in the step tablet fixed in the 
bath containing silver, showing that more of the 
silver thiosulfate complex was retained in the 
emulsion. The hydrogen peroxide did not oxidize 
all of the thiosulfate oot in the silver thiosulfate 
complex in the high image densities. 


TaBLeE 5. Thiosulfate concentration in different image densities 
after treatment in the hydrogen peroxide and 
hydroxide solution following fixation 


ammonium 


Silver-free fixing bath Fixing bath +8 g of silver 


per liter 


Density Thiosulfate Density Thiosulfate 


po/in.- 
0 


It was found that the thiosulfate in the silver 
thiosulfate complex ion could be oxidized in solution 
by hydrogen peroxide in the presence of sodium 
chloride, potassium bromide, and potassium iodide. 
To demonstrate this, the following test solution was 
used, the chemicals being added in the order listed: 


Water 

Silver nitrate, AgNO, 
Ammonium hydroxide (28%) 
Sodium thiosulfate, Na.S.O,-5H,O 
Hydrogen peroxide (30%) 

Water to make 


400 ml 
0.5 ¢ 
20 ml 
0.2¢ 
25 ml 
500 ml 


A black precipitate of silver sulfide was formed when 
the above solution was acidified with concentrated 
nitric acid. The nitric acid decomposed the silver 
thiosulfate complex forming silver sulfide. However, 
when a sufficient concentration of the halide salts 
was added before acidification by nitric acid, no 
dark precipitate or brownish coloration resulted, 
showing that the thiosulfate had been released from 
the silver thiosulfate complex ion and oxidized by 
the peroxide. The halide salts were dissolved in 
25 ml of water and added to the above test solution. 





The following approximate amounts of the halide | detected in the emulsion, evidently 


salts were found necessary to eliminate the thiosulfate 
silver complex ion: 


Sodium chloride 
Potassium bromide 
Potassium iodide 


8g 
0.5 3 
0.8 


The silver in the silver thiosulfate complex ion 
appears to react with the halide ion to form silver 
halide thereby releasing the thiosulfate anion accord- 
ing to the following equation: 

Ag(S.Q3); +-Halide ion->AgHalide + 


28,0; 


The small amount of silver halide is soluble in the 
excess halide present. This is apparently how sodium 
chloride in sea water assists in removing thiosulfate 
from processed photographic materials after fixation. 
The effectiveness of the different halide ions in 
eliminating the silver thiosulfate complex ion in- 
creases as the solubility of their silver salts decreases. 

Step tablets of microfilm having a high image 
density (about 4.5) were fixed in a bath containing 
8 g of silver per liter, washed 3 min in running tap 
water at 25 °C, and treated for 10 min at 25 °C in 
one of the following solutions: 6-percent sodium 
chloride, 3-percent potassium bromide, or 0.15- 
percent potassium iodide, and were washed 15 min 
in running tap water at 25 °C. The thiosulfate was 
completely eliminated in all image densities by the 
solutions of potassium bromide and_ potassium 
iodide. The sodium chloride solution left 1 yg 
of thiosulfate per square inch mm an image density 
of 1.6 and 3 yg in the highest image density of 4.5, 
showing that sodium chloride does not remove the 
last traces of thiosulfate in the highest 
densities. 

A 0.15-percent solution of potassium iodide 
precipitated the silver in the silver thiosulfate 
complex ion as silver iodide in the emulsion. This 
released the thiosulfate which, in turn, was readily 
washed out of the emulsion. Any silver halide in 
the silver. A sample of 


image 


emulsion is reducible to 


unexposed microfilm was developed, stopped, fixed 
in a bath containing 8 g of silver per liter, washed 


in tap water for 3 min at 25 °C, treated in a 0.15- 
percent solution of potassium iodide, and washed 
15 min at 25 °C in running tap water. For the 
reduction of the silver iodide to silver the sample 
was bleached in the permanganate bleach solution, 
cleared, dried, exposed to sunlight 30 min, and 
developed. An image density of 0.07 was obtained, 
showing that the silver in the silver thiosulfate 
complex ion had been precipitated as silver iodide 
in the emulsion by the potassium iodide. The ex- 
periment above was repeated except that the sample 
of microfilm was treated in a 0.10-percent potassium 
bromide solution but silver bromide could not be 
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due to the 
greater solubility of silver bromide over that of 
silver iodide. 

A 3-percent solution of potassium bromide and a 
4.5-percent solution of potassium iodide eliminated 
the thiosulfate completely from the high image 
density areas of the microfilm. When the 4.5- 
percent potassium iodide solution was used, no 
precipitated silver iodide could be detected in the 
clear area of the emulsion which may be explained 
by the “common ion” effect, i.e., there was a 
sufficient concentration of potassium iodide to keep 
the silver iodide in solution as a complex of silver 
iodide and potassium iodide. 


8. Summary 


The residual thiosulfate concentration in proc- 
essed microfilm was found to vary linearly with the 
image density up to a density of about 2 and then to 
level off. 

The residual thiosulfate in the clear or silver-free 
area of processed microfilm was stable for at least 
9 months at 14-percent relative humidity and room 
temperature but, in samples containing about 
10 wg/in.?, it began to decompose after about 2 
weeks at 88-percent relative humidity. The residual 
thiosulfate reacted with the silver in the image to 
form silver sulfide and the rate of sulfiding of the 
silver in the image increased as the relative humidity 
increased. The sulfiding of the silver in the high 
image densities continued until the thiosulfate was 
exhausted. In very low image densities the silver 
was exhausted when the thiosulfate concentration 
was high. 

The thiosulfate test for residual thiosulfate in 
processed microfilm should be made on a clear or 
silver-free area of the film. The test should be 
made within two weeks after processing if the sample 
is stored at a relative humidity as high as 90 percent. 
However, if the film is stored at a relative hurnidity 
of 14 percent or lower, the residual thiosulfate test 
on the clear area of microfilm is valid for at least 
9 months after processing. Samples of silver-free 
microfilm can be stored in a desiccator if delay in 
making the thiosulfate test cannot be avoided. The 
residual thiosulfate test on microfilm having high 
image densities should be made within 1 hr after 
processing. 

In the case of one kind of microfilm involved in 
this study the thiosulfate was removed rapidly and 
almost completely in the high silver image densities 
during washing and the sulfiding of the image silver 
was much lower than that of the other four microfilms 
investigated. When potassium iodide was added 
to the fixing bath the thiosulfate in the other four 
microfilms washed out rapidly in the high 
density silver image areas and the amount of the 
silver image sulfided was negligible. There appears 
to be a relationship between the sulfiding of the 


also 





mage silver during fixation and the retention of the 
thiosulfate during washing. 

The hydrogen peroxide-ammonium hydroxide thio- 
sulfate eliminator did not remove all of the silver 
thiosulfate complex ion unless potassium bromide 
was added to decompose it. The chloride, bromide, 
and iodide ions in a thiosulfate eliminator decom- 


posed the silver thiosulfate complex ion, releasing | FOtass . 
| Sulfuric acid (95%) 


the thiosulfate ion which was then readily removed 
by washing or oxidation. 
potassium bromide or a 4%-percent 
potassium iodide eliminated thiosulfate from micro- 


film which had been fixed in a bath containing | 
Sodium sulfite, anhydrous 


8 g of silver per liter. 


9. Appendix 


9.1. Formulas for Developing and Fixing the Silver 
Image in the Microfilm 


De ve lope r 


Monomethy! p-aminophenol sulfate 
Sodium sulfite, anhydrous 
Hydroquinone 

Sodium carbonate, anhydrous 
Potassium bromide 

Water to make 

Dilute 1 to 1 before use. 


Stop Bath 


Acetic acid, glacial 
Water to make 


12 ml. 
1 liter. 


Acid Fixing Bath 


Sodium thiosulfate, Na.S.0,-5H,O 
Sodium sulfite, anhydrous 
Acetic acid (28%) 

Boric acid 
Potassium 
12H,O 
Water to make 


aluminum sulfate, KAI(SO,).- 


Acid Fixing Bath containing 8 g of silver per liter 


Above acid fixing bath 
Silver bromide 


1 liter. 
13.9 g. 


Th iosul fate Eeliminator 


Water 

Hydrogen peroxide (30%) 
Ammonium hydroxide (28%) 
Potassium bromide 

Water to make 


300 ml. 
50 ml. 
10 ml. 
1.0 g. 

1 liter. 


After fixation or aging the sample of film was washed 
3 min in running tap water, treated 10 min in the 
above solution, bathed for 2 min in a 1-percent solu- 
tion of sodium sulfite, and washed 15 min in running 
tap water. 
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A 3-percent solution of | 
solution of | 


| dichromate were of reagent grade. 
| p-aminophenol 


| 9.2. Formulas for the Bleaching Process in Which 


the Silver of the Photographic ImageJjlIs 
Removed and the Silver Sulfide Is Left as a 
Residue in the Emulsion Layer 
Bleach Bath 
Potassium dichromate 5.0 g. 
5.0 ml. 
Water to make 1 liter 


Clearing Bath 


50.0 g. 
1.0 g. 
1 liter. 


Sodium hydroxide 
Water to make 


Fixin gq Bath 


Sodium thiosulfate, Na.S.O,-5H,O 
Sodium carbonate, anhydrous 
Water to make 


| 9.3. Formulas for Reducing the Silver Sulfide Residue 


in the Gelatin Layer to Silver 
Bleach Bath 


Potassium permanganate 
Sodium chloride 

Acetic acid, glacial 
Water to make 


5.0 g. 
10.0 g. 
50 ml. 
1 liter. 


Clearing Bath 

Sodium bisulfite 
Potassium bromide 
Water to make 

De ve lope r 
2,4-Diaminophenol Dihydrochloride 
Sodium sulfite, anhydrous 
Water to make 

Stop Bath 


Same as used in section 9.1 


9.4. Quality of the Chemicals Used for the Formulas 
Listed in This Appendix 


All of the solutions were made up with distilled 
water. The following chemicals were of reagent 
quality meeting ACS specifications: ammonium 


hydroxide, acetic acid, barium chloride, boric acid, 


potassium bromide, potassium dichromate, potassium 
permanganate, sodium chloride, sodium carbonate, 
sodium hydroxide, sodium sulfite, and sulfuric acid. 
Lithium chloride, hydrogen peroxide, and sodium 
The monomethyl 


sulfate, hydroquinone, potassium 





aluminum sulfate, sodium thiosulfate, and sodium 


bisulfite conformed to American Standard Specifica- | 
The silver | 


tions for Photographic Grade Chemicals. 
bromide was Fisher, purified. The 2,4-Diamino- 
phenol Dihydrochloride was Eastman Kodak Cat. 
No. P-614 
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The growing of large single crystals of high quality from solution requires the precise 


control of supersaturation and the avoidance of thermal and mechanical shock. 
maintained. 


growth conditions and cleanliness need to be 


Uniform 


Good seed crystals are necessary 


and the accidental introduction or generation of new nuclei should be prevented insofar as 


possible. In the 


firmly, and allows their 


apparatus and equipment assemblies here 
bath is designed for uniform growth conditions 
support for the crystals provides for convenient mounting of the seeds, 
easy removal with minimum damage. A 


described, the erystal-growth 
exclusion of contamination. The 
holds the crystals 
reversing rotation 


and the 


new 


mechanism promotes equal washing of the crystal surfaces and achieves uniform temper- 


ature and composition of the solution 
mechanical the crystals. 
temperature an order of magnitude 
for stepless change of temperature. 

to result from sudden 
tions may be used 
saturation. 
of very good single 


stresses in 
more 


crystals of a considerable 


1. Introduction 


The procedure for growing large single crystals of 
a chemical phase from its solution in an appropriate 
solvent requires that a limited number of crystals 
be maintained in a metastable solution, that is, a 
solution that possesses some degree of supersatura- 
tion. Unstable conditions of supersaturation are to 
be avoided whereby spontaneous nucleation would 
result in a shower of small volunteer crystals. The 
procedure further requires the maintenance of super- 
saturation despite the removal of dissolved solute 
as it deposits on the faces of the growing crystal. 
The latter requirement may be satisfied by one of 
the following three general methods: (1) Removing 
solvent from the system as by evaporation; (2) 
changing the temperature of the solution in the 
direction toward decreasing solubility of the phase; 
and (3) adding solution of higher solute content while 
deple ted solution is withdrawn to be strengthened. 

This paper describes in some detail the apparatus 
and equipment which has been assembled to grow 
large single crystals from solution under closely con- 
trolled and re producible conditions. The changing- 
temperature technique was preferred to solution- 
addition because it requires less complex equipment 
and to solvent-evaporation because it seemed more 
amenable to control. 

Many reports have appeared in the literature on 
methods for growing crystals from solution [1-6].! 


| Figures in brackets indicate the literature references at the end of this paper. 
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without, at 
The temperature controller gives regulation of the 
sensitive 
The crystals are thus free from liquid inclusions found 
acceleration of growth. 
as a precise and sensitive measure of solution concentration and super- 
The crystal-growth procedures which are reported have resulted in the production 
variety of chemical phases. 


the same time, producing significant 


than those hitherto used and provides 


The electrolytic conductance of ionic solu- 


We have drawn fully from the experience of others 
and have devised modifications and revisions to meet 
rather exacting requirements which we believe con- 
tribute (1) to close control of the system for the 
production of single crystal specimens of high quality 
and (2) to the reproductibility of growth conditions 
for studies on habit changes and the inclusion of 
impurities in crystals grown from purposely con- 
taminated systems. 


2. Crystal Growth Assembly 
2.1. Crystal Bath 


Single crystals are grown from solution contained 
in large glass jars 12 in. in diameter, 12 in. in height, 
and approximately 4% gal in capacity. Jar covers 
of methyl methacrylate resin support the rotation 
mechanism and the temperature indicating and con- 
trol devices. The jars are supported in metal frames 
which contain flat bottom heaters to distribute heat 
uniformly over the entire bottom surface and inhibit 
volunteer crystal growth. The bottom heater is 
constructed of either a bank of 25 small (15 w) lamps 
evenly distributed over the area of the frame or a flat 
spiral of coiled Nichrome wire. 

The crystals are supported on glass pins situated 
near the ends of the arms of a “crystal tree’ or 
“spider”. The general aim is to provide support 
offering a minimum of interference with the exter- 
nal growth surfaces. When seed crystals are large 
it is preferable to employ twin pins to prevent rota- 





tion of the crystal on its mount. 
(fig. 1) is constructed 
rows of four arms each, thus accommodating a total 
load of 12 crystals. Thin sleeves of polytetra- 
fluoroethylene, the pins, are excellent in 
preventing adherence between the crystal and its 
support. By using a jig to fuse the pair of pins to 
the tree arm and a guide in drilling the seed crystals, 
trouble-free, even interchangeable, mounting and 
easy “‘harvesting”’ of the grown c rvstals are attained 

To promote efficient stirring of the bath and 
produce uniform solution temperature and concentra- 
tion, the crystal tree is provided with vanes of 
flat glass Two designs have been used, the first 
comprising plates attached between vertically adja- 
cent tree arms at an angle of approximately 45 
to the tree axis and also tilted at about the same 
angle. A second and satisfactory design in- 
volves hanging the plates on the arms on glass tubing 
which acts as a hinge. The 
depending on the direction of 
ously promote a transfer 
bottom in the jar. 

A demountable 7 -joint attaches the crystal tree 
to the shaft of the rotation mechanism and a merceury 
seal at the lid of the bath ieee the loss of solvent 
vapor, contamination of the solution from the out- 
and bearings and other metal 
parts of the rotation mechanism. 

Figure 1, a photograph taken during an actual 
growth operation with an insulation blanket momen- 
tarily removed, shows the details of the crystal 
tree assembly described above. The glass-cotton 
insulation blanket has a zipper closure for ready 
inspection of the cry stals during growth 


The crystal tree 
rod and has three 


of glass 


covering 


more 


plates change position 
rotation and continu- 


of solution from top to 


side, corrosion of 


2.2. Reversing Rotation Mechanism 


In order that all surfaces of the growing crystal 
be washed approximately equally with the solution 
to promote uniform growth, it is necessary to pro- 
vide a mechanism for rotation of the erystal tree in 
both directions. Two different devices have been 
used. The one employs a system of relays operated 
by a synchronous motor and cam to periodically 
stop a stirring motor, reverse the field connections, 
and start the motor in the reverse direction. A 
similar device has been described [2]. It has the 
disadvantage that rotational speeds must be slow, 
since the rotation starts suddenly and at full speed 
and the resulting jerk induces mechanical stress in 
the crystals and threatens the fracture of parts of 
the glass tree or possible jarring the crystals from 
their mounts. A more satisfactory rotation device 
employs a rack-and-pinion mechanism. The gear- 
rack, moved back and forth by eccentric attachment 
to the shaft of a slow speed motor, imparts, through 
the pinion gear on the tree shaft, an approximately 
sinusoidal rate of rotation to the crystal tree. The 
arrangement gives gradual deceleration and accelera- 
tion on either side of the reversal point and avoids 
undue mechanical stress in the growing crystals 
and the equipment assembly. 
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A drawing of the rotation mechanism is shown in 
figure 2.2. Dimensions given here are nominal and 
not critical. The speed and the number of revolu- 
tions of the crystal-tree shaft in one direction are, of 
course, dependent on the speed the motor, the 
length of the driver and the diameter of the 
pinion gear. The arrangement shown provides 
maximum speed of approximataly 25 rpm and the 
crystal tree is rotated through about four complete 
revolutions between changes of direction. The 
height of the frame should allow removal of the 
motor without other dissembly. Shafts must be 
slightly undersize to through the bearings. 
Commercial gear-racks must be smoothed by milling 
a thin cut on the three plain sides. It is important 
that the knuckle be placed on the tree shaft in good 
alinement with the driver arm bearing, and it is 
advisable to mill a small flat on the shaft to receive 
the set-screw which holds the knuckle in_ place. 
The small phosphor-bronze spring, placed behind 
the shoe, holds the gear-rack snugly against the 
pinion gear, yet allows some play to prevent binding. 
Good quality gear-grease is essential for smooth 
operation. 

Ball bearings are not absolutely 
crystal tree and driver-arm shafts, although they 
contribute markedly to trouble-free operation. 
Units equipped with porous bronze sleeve bearings 
throughout have given admirable service and their 
alinement for the crystal-tree shaft is more easily 
accomplished, 

It is recommended that the motor * be equipped 
with spiral gears in the gear-reduction train and that 
the position of the driver arm on the motor shaft be 
changed periodically to distribute wear in the gear 
train. Spur have stripped after several 
months of continuous operation. 


arin, 


pass 


essential for the 


gears 


3. Temperature Control 


Of primary importance for the production of 
single crystal specimens of high quality by growth 
from solution is the control of temperature. Momen- 
tary temperature fluctuations, resulting in inter- 
rupted and accelerated growth rates, produce veils 
of mother liquor inclusions which lie parallel to 
the crystal faces on which deposition occurs. In 
addition, when the temperature-changing technique 
is employed, we have found that finite “changes in 
temperature of a few hundredths of 1 degree will 
again induce the inclusion of mother liquor pockets. 
The close control of te mperature at a given instant, 
together with a slow and continuous change in the 
temperature to maintain a uniform degree of super- 
saturation, can do much to minimize this effect. 


3.1. Proportioning Temperature Controller 


A proportioning type temperature controller, in 
which heat is supplied to the system in direct relation 


2 The design of this mechanism is based on that of a similar device obser ved in 
operation in the laboratories of the Brush Development Company, now a sub- 
sidiary of the Clevite C eet ition, Cleveland, Ohio 

} Bodine, Type KCI-22 RM. 














Ficure 1. Crystal growth asse mly. 
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Drill and counterbore for 
Brass bearing cup assembly with 8-32 f.h. screws 


braze to gear rack 
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Ball bearings Brass gear rack, 


ie 24 pitch 





Knuckle, cold-rolled steel 
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FIGURE 2. 


to the departure of temperature from the desired 
point, is generally regarded as superior to an on-off 


circuit. The great majority of our crystal growth 
operations have been conducted with a time- 
proportioning “‘saw-tooth”’ controller. The instru- 
ment is similar in principle to one described by 
Ransom [7| and its construction closely follows that 
of the controller designed by Sargent [8]. The 
instrument time-modulates the electrical energy 
supplied to control heaters proportionally to any 
temperature departure from the control point. In 
conjunction with a commercial power supply,’ a 
commercial amplifier of 10° to 10° gain, and a 
specially-built Wheatstone bridge, a ‘“‘saw-tooth’”’ 
relay, whose circuit is shown in figure 3, is used. 

The temperature-sensing element is a platinum 
coil, similar in construction to a platinum resistance 
thermometer to provide rapid response and coil 

DC Power Supply, Model 28M, Lamb 
Island, New York 


Brown Elektronik 
Regulator Co 


i Electronics Co., Huntington, Long 
Amplifier, Mode 


356358-1, Minneapolis-Honeywel! 
, Brown Instruments Division 


, Philadelphia, Pa 
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Section A-A 


Reversing rotation mechanism. 


stability, connected as one arm of the Wheatstone 
bridge. The adjacent arm is a variable resistance 
adjustable to the desired control point. The bridge 
is energized with direct current from drv cells, and 
the bridge output is coupled to a converter and a-c 
amplifier. The amplified bridge signal (d-c output) 
is fed to the saw-tooth relay circuit to change the 
potential level of the saw-tooth voltage whose fre- 
quency corresponds to a selected duty cycle. As 
shown in figure 3, an appropriate R-C circuit is used 
to generate the saw-tooth voltage, the circuit being 
shorted periodically and momentarily by a micro- 
switch operated with a cam and 10 rpm synchronous 
motor. The duty cycle is thus of 6 see duration. 
The change in potential level operates the control 
relay, S., and switches power to the control heaters. 

The potential level of the saw-tooth voltage is 
adjusted with coarse (Ry) and fine (R;;) control 
potentiometers, while the spring tension on the 
plate relay (S.) is adjusted, so tbat the relay is 
closed 50 percent of the duty eycle when the error 





t "2 
as] da Rie 
a pk - WIV 
++ + , nput Rus 

4 + ’ oef\f\fe 


Figure 3. Time-proportioning sawtooth relay. 


150 kohm W 2 kohm potentiometer 
47 kohm, '» w 5751 
3 meg, 'o w 7 SSI4A 
10 kohm, W —4 pf, 
10 meg, 'o W 

68 kohm, Ww 

2.5 meg potentiometer 
1.2 meg, w 


oil impregnated paper 

SPDT microswitch, cam 
operated, 10 rpm syn- 
chronous motor 

DPST sensitive plate circuit 

().82 meg, 'o W relay, 2500-ohm coil 

4.7 meg, ') w *—-Pilot lamp 

4).47 meg, Ww lleater 

2 kohm, 10 w 


voltage (bridge signal) is zero (bridge output shorted). 
Subsequent error voltages from the bridge will shift 
the potential level of the saw-tooth voltage up or 
down so that the percentage of time per duty cycle 
that the control heater is energized, is dependent on 


the magnitude and sign of the error voltage. 

In normal operation the potential drop across the 
relay coil varies linearly with time from about 20 to 
10 v during the six-second duty cycle, except for a 
momentary (4% sec) 50-v spike at the beginning of 
the evele. The latter provides assurance that the 
relay closes and power is supplied to the heaters. 
Spring tension on the relay is adjusted to provide 
release and opening the heater circuit at about the 
mid-point in the normal operating range. 

The sensitivity of the controller to changes in 
temperature is dependent on the degree of amplifi- 
cation of the bridge signal. It is found that an 
amplification factor of approximately three-quarters 
maximum provides a control band,. from full off to 
full on, corresponding to a temperature interval of 
0.010 to 0.015 °C. Temperature control of the 
crystal baths to + 0.002 °C is obtained. 

Four units as described above have been in service 
for a number of years. Their performance has been 
very satisfactory for the extended periods required 
in crystal growth experiments. ‘They are composed 
of mechanical relays, switches, motors, and common 
electronic components which are subject to failure, 
and failure of temperature control is disastrous to 
crystal growth experiments. Electronic tubes of 
the best quality are used and these are tested for 
performance and life expectancy whenever possible, 
that is, at the completion of each crystal growth 
experiment. Figure 3 shows some choice as to the 
number of 5814A tubes in parallel to supply current 


to the relay coil. While one tube would probably 
do the job, we actually use four in parallel as a 
precaution against failures. It has been our ex- 
perience that the units may be depended upon io 
operate continuously without breakdown for periods 
up to 6 months. We have not conducied growth 
operations to exceed more than one-half this period. 
Our laboratory is provided with an independent and 
regulated a-c power supply, separate and distinct 
from the building supply, to avoid interruptions in 
electrical service. 


3.2. Continuous Temperature Change 


Growth of single crystals from solution by the 
temperature-changing technique, and this usually 
means lowering the temperature as growth proceeds, 
requires that the setting of the Wheatstone bridge in 
the control circuit must be changed. Initially this 
was done manually, decreasing the resistance in the 
setting arm of the bridge by an amount proportional 
to the desired change in temperature. The twice- 
daily change of 0.02 to 0.04 °C in earlier growth 
operations led to inclusions of mother liquor in 
certain areas of the crystals. This was particularly 
true in the case of ammonium dihydrogen phosphate, 
where inclusions of varying size and up to almost 
1 mm in length, appearing in the position of the 
advancing prism corner, marked each temperature 
shock to which the system was subjected. The 
effect demanded an arrangement whereby the 
temperature could be changed continuously. 
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Ficure 4. Modified Wheatstone bridge. 





Transfer of resistance from one arm of the bridge 
to another, as with a slide-wire potentiometer driven 
by a synchronous motor, will unbalance the bridge 
continuously and cause the temperature control point 
to shift. The rate of temperature change may be 
governed by the size of a shunt across the potenti- 
ometer. We have constructed several bridges of this 
tvpe in accordance with the diagram given in figure 4. 
Precision components are employed since satisfactory 
performance depends on resistor stability, slide-wire 
uniformity, low contact resistance in the switches, ete. 

The ratio arms of the bridge, 2; and 2, consist of 
two 50-ohm precision resistors (General Radio Type 
500). A decade resistor of 1.0 ohm-per-step in series 
with one of 0.1 ohm-per-step (both General Radio 
Type 510) plus a fixed precision resistor of 25 ohms 
constitute the setting arm of the bridge, Rs. <A 
platinum coil of 25.5 ohms resistance at 0 °C and a 
temperature coefficient of 0.1 ohm per degree C is 
the fourth arm, R;, and the temperature-sensing 
element of the control system. As stated above, this 
coil is constructed in the same manner as a precision 
resistance thermometer in order that it have low lag 
and adequate sensitivity. A 100-ohm 10-turn poten- 
tiometer (Beckman Instrument Co.), Rp, is connected 
as shown. The slider must be in the output circuit 
to avoid variable contact resistance in the bridge 
circuit. A similar bridge [9], but constructed with 
the slider contact in the bridge circuit in one arm to 
add or remove resistance, gave some contact resist- 
ance trouble. The shunt, ?,, is a 0.1 ohm-per-step 
decade resistance unit (General Radio Type 510). 
A 0.1 turn-per-day synchronous motor and gear train 
drives the slider, transferring resistance in normal 
temperature-dropping operation from the setting arm 
to one ratio arm. A dial mounted on the drive shaft 
indicates position and is necessary in making small 
temperature adjustments. 

The circuit does not give a change in temperature 
precisely linear with time due principally to bridge 
balance relationships with the resistors small and 
near the same size. A slight nonlinearity is intro- 
duced also by the fact that the sensing-arm resist- 
ance is not strictly linear with temperature. How- 
ever, at the maximum setting of the shunt, with 
Rs; set to control the temperature in the neighbor- 
hood of 50 °C, the deviation from linearity is less 
than 3 percent as the slider is moved from one ex- 
treme position to the other. Actually, the bridge 
may be made practically linear by increasing the 
resistance in the ratio arms sufficiently. Such revi- 
sion would, however, require a large d-c supply to 
maintain sufficient current (20 ma, controlled by 
Rs») for adequate sensitivity in the control system. 

The control range of the bridge described is from 
0 to 100 °C approximately. The rate of temperature 
change, over a maximum of 100 days without reset- 
ting Ps, is from 0 to 0.15 °C per day in steps of 
0.015 °C per day approximately. 

Of the total heat supplied to the baths for main- 
tenance of temperature near 50 °C, about 50 percent 
is supplied continuously through the bottom heaters 
and variable transformers. The controlled heat is 
supplied through two finger heaters introduced 
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through and supported by the lid of the bath. The 
finger heaters are of Nichrome wire wound on a 
mica strip and enclosed in a glass tube which has 
been silvered on the inside. The silver coating ef- 
fects better radiation of heat and, when grounded, 
serves as a shield to prevent 60-cvcle radiation from 
interfering with conductivity measurements used to 
determine the solution concentration and super- 
saturation [10]. 

The temperature of the erystal-growth baths is 
measured with platinum resistance thermometers 
and a Type G-1 Mueller thermometer bridge (Leeds 
and Northrup No. 8067). A four-pole, silver-contact 
selector switch, accommodating several thermom- 
eters, makes convenient the transfer from one ther- 
mometer to another. Future plans include the in- 
stallation of a multipoint recorder system of adequate 
sensitivity to provide a more complete history of 
cry stal-growth operations and a warning system. 


3.3. Measurement of Solution Concentration 


The electrolytic conductance of ionic solutions has 
been found to be a precise and sensitive measure of 
the concentration of these solutions at a given tem- 
perature in the saturation region. The measurements 
are made with an immersion conductance cell of 
new design (shown at the extreme right in fig. 1) 
and they provide a means to monitor with precision 
the growth conditions of supersaturation which ob- 
tain during the erystal-growth operation. Details 
on the design of conductance cells, the measurement 
procedures, and conductivity data for ammonium 
dihydrogen phosphate solutions are given in a 


current publication appearing elsewhere [10]. 


con- 


4. Crystal Growth Procedure 


Sufficient solution is prepared from distilled water 
and solute of the best available quality to fill the 
crystal-growth jar to within an inch or two of the top. 
The concentration of the solution corresponds to 
saturation at the desired growth temperature. The 
solution is filtered hot through fritted glass filters to 
remove insoluble material, which may run as high as 
several hundredths of 1 percent even in analytical 
reagent grade materials. On transfer to the growth 
jar, the temperature is raised well above that corre- 
sponding to saturation (usually 4 to 5 °C) to insure 
complete solution and the absence of nuclei which 
would induce volunteer growth. In this step a 
separate jar lid is used which holds a motor stirrer 
and long glass propeller. The temperature control 
and measurement devices are inserted and, using 
conductivity measurements or a pilot crystal as a 
guide, the temperature is decreased to the saturation 
point. Meanwhile seed crystals which have been cut 
or cleaved from parent single crystal material or 
which have been grown in crystallizing dishes to 
sufficient size (usually by solvent-evaporation meth- 
ods) are drilled and mounted on the crystal tree which 
has been attached to its own lid and rotation 
mechanism. Drilling can usually be done with 





ordinary steel twist drills and a small variable- 
speed drill press, with the seed crystal immersed in a 
Saturated solution of the same material. For 
crystals which cleave readily, dental burrs with an 
inverted-cone shape have been used successfully. 
With seed crystals not large enough for mounting 
on twin pins, single pins have been used. In these 
cases it is advisable to place a short length of small 
plastic tubing on the pin and above the seed to 
assist in holding the seed in place during the planting 
operation and in the early stages of growth. 

When saturation conditions have bee n established 
in the bath, the temperature is raised slightly and the 
seeds are planted by simple exchange of equipment. 
The bath temperature is held above saturation for a 
few hours until the seeds have dissolved slightly, as 
evidenced by the first noticeable rounding at the 
corners and edges. This is done to remove the small 
individual crystals which may be on the surface of the 
seed as a result of cutting or drilling operations and 
would tend to induce polycrystalline growth. The 
temperature is then lowered to the saturation point 
and the temperature-dropping procedure begun. 

The temperature-dropping program selected de- 
pends on the temperature coefficient of solubility of 
the solute, the number, habit, and size of the crystal 
the growth habit and mechanism including 
the type and number of self-perpetuating growth 
centers, and the degree of supersaturation that will 
induce spontaneous nucleation. In the absence of 
previous knowledge, caution is recommended with 
a new material until information on the 
behavior of the system has been gained. If high 
quality material is the goal, one does not normally 
expect to push growth rates from solution to exceed 
a deposition of 1 mm per day normal to the fastest 
growing crystal face. This condition will lead to 
quite different temperature programs for different 
materials. For ammonium dihydrogen phosphate 
the area of actively growing crystal does not increase 
with growth time from uncontaminated solutions. 
As the saturation concentration versus temperature 
curve is roughly linear over the range used, the 
temperature program consists of a constant dropping 
rate after the habit is fully established. The initial 
seed will have additional imperfections, pits, and 
vicinal faces that grow very much faster than an 
established pyramid face, initially much lower 
supersaturations are needed. 

On one occasion in an effort to accelerate the 
growth of ammonium dihydrogen phosphate crystals 
of 2 em diam, we increased the temperature drop-rate 
to 0.2 °C per day. Growth on (101) faces became 
polycrystalline, with small individual crystals orig- 
inating particularly from corners and edges. The 
supersaturation in this experiment increased to 
better than 10 percent. We normally grow ammo- 
nium dihydrogen phosphate crystals in the tempera- 
ture range from 40 to 50 °C at a temperature- 
dropping rate of approximately 0.10 °C per day 
under which conditions deposition on the (101) 
faces is approximately 0.5 mm per day. With much 
smaller seed crystals of uranyl nitrate hexahydrate, 


seeds, 


some 


so 
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| would enhance the removal of solution. 


sodium chlorate, etc., 
in initial stages of 
per day. 

Finished crystals are taken individually from the 
crystal tree, dried quickly with soft paper tissue, 
and, if the growth temperature has been as much 
as 5 to 10 °C above ambient laboratory temperature, 
they are transferred to a warm air-bath for subse- 
quent slow cooling to avoid thermal shock and 
cracking. In this operation the evaporation of 
adhering solution and subsequent growth leaves the 
crystal faces far from perfect. For an improvement 
on this technique we have often immersed the 
crystals immediately in 50-50 propylene glycol-water 
mixture at essentially the same temperature as the 
crystal bath, followed by washing in ethyl alcohol. 
In some cases etching of the crystal surface has been 


the temperature-dropping rate 
growth does not exceed 0.02 °C 


} observed. 


A high degree of preservation of the surfaces would 
involve the transfer of the crystal from the growth 
medium to an inert medium at exactly the same 
temperature, avoiding as much as possible both 
deposition and dissolving the crystalline material 
while the adhering solution is removed from contact 
with the crystal faces. The inert medium must 
neither etch the crystal surfaces nor “salt-out’’ dis- 
solved solute. It may be miscible or immiscible 
with the saturated solution. In the latter case, it 
would appear that a considerable density difference 
Our experi- 
ments in this connection have not resulted in a pro- 
cedure to be recommended. 


5. Conclusion 


With crystal-growth units assembled as described 


above, we have successfully 
specimens of ammonium 
potassium dihydrogen phosphate, uranyl nitrate 
hexahydrate, strontium dichromate, sodium chlo- 
rate, sodium nitrate, and oxalic acid dihydrate. In 
representative cases these single crystals have been 
judged to be excellent so far as control of dislocations, 
twinning, and inclusion of foreign substances are 
concerned. This judgment has been largely based 
upon single crystal X-ray diffraction, optical exami- 
nations between crossed polarizers, microscopical 
searches for discontinuities or inclusions, and the 
observation of reflections from cleavage surfaces. 
Corroborative information has come from chemical 
or spectrochemical analysis for impurities present 
in the mother liquor but not definitely detectable 
in the crystals. Imperfections associated with the 
junction between seed and growth are not con- 
sidered in this context. 

The procedures have been followed in a great 
many experiments on the growth of ammonium 
dihydrogen phosphate in the presence of selected 
impurities. The equipment has performed satis- 
factorily for us and its design and assembly are 
presented for those with an interest in the growth of 
large single crystals from aqueous solution. 


grown single crystal 
dihydrogen phosphate, 





We express appreciation to Herbert Lowey for 
expert machine work in the construction of vari- 
ous parts of the equipment, in particular the reversing 
rotation mechanism. We are very much indebted 
to Jack Sargent® for his assistance in the design of 
the temperature-control relay. 
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An Automatic Multichannel Correlator 


Robert F. Brown, Jr. 
(September 25, 1962) 


Very early in the Infrasonie Research Program of the U.S. National Bureau of Standards, 
it became apparent that the only way to differentiate between local meteorological pressure 
variations and the infrasonic signals from distant sources was through the relative time of 
arrival of the pressure disturbance at pickups spaced several miles apart. The ‘“‘Multi- 
channel Correlator” is an analog computing instrument that was designed to detect these 
infrasonie signals. 

At each pickup the pressure variations are converted to FM audio signals which are 
transmitted over leased telephone lines to the correlator. At the correlator these FM 
signals are demodulated and recorded on a one-fourth inch per minute multichannel magnetic 
tape. The recorded data frequency range is 0.02 to 1.0 cycles per second and the pressure 
range is 0.1 to 50 dynes per square centimeter. Ten-minute blocks of data are read from the 
tape and amplitude equalized to a constant root mean square value. A programed time- 
delay device produces the equivalent delays appropriate to a continuous horizontal azimuth 
search for velocities in the range of 280 to 400 meters per second. The correlator output is a 
continuous record of the average of the rectified sum of the delayed channel signals. 


1. Multichannel Correlator 


The multichannel correlator is an analog com- 
puting instrument which produces an output propor- 
tional to the average of the cross correlations 
between pairs of its inputs. It was built in an 
attempt to mechanize signal detection in a noisy 
environment. ‘The inputs were from several micro- 
barograph pickups located in the Washington area. 
The only available criterion for the presence of 
signal was waveform congruence, at an appropriate 
time delay, between data channels. Experience 
had shown that within one data channel there was 
no way to tell signal from noise. Both signals and 
background noises could show semiperiodic struc- 
ture or random waveforms. They could occur 
anywhere in a wide frequency spectrum. They 
showed both rapid and slow rise and decay of energy 
levels. Thus a signal waveform was completely 
unpredictable and looked like the background noise 
on any one channel. Also, a type of noise associated 
with weather phenomena could maintain jwaveform 
congruence while passing through the area but would 
have a very low velocity, frequently local wind speed. 
Therefore, the time delay search range was restricted 
to include only velocities of 280 to 400 m/sec. The 
correlator has five operational sections; data storage, 
sampling readout, time delay, amplitude equiliza- 
tion, and detection. 

Figure 1 is a photograph of the complete Multi- 
channel Correlator. The equipment fills most of a 
three section rack. The left hand section holds the 
data recorder and readout. The center section 
holds the delay system and amplitude equalizers. The correlator has five data inputs and a time 
The right hand section holds the detector, output | input. The data inputs are in the form of frequency- 
recorder and auxiliary equipment. modulated audio carriers. The FM is demodulated 


FicuRE 1. Front view of the automatic multichannel correlator. 


2. Data Storage Section 
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and the resulting analog data are recorded on a 
magnetic tape. The five tracks of data are recorded 
in parallel on the tape. The range of frequencies of 
interest is from 0.02 c/s to 1.0 c/s. By using a tape 
speed of 0.25 in. per minute (about 0.004 ips), the 
recorded wavelengths on the tape lie between 0.2 in. 
and 0.004 in. ‘This is the same range of wavelengths 
as is used in conventional recording. The recording 
is done using a-c biasing and the bias frequency used 
is about S80 e/s. 

A sixth track on the: magnetic tape is used for 
recording the time signal. The time signal consists 
of a 1.0 see pulse recorded every 5 min. The hour 
pulse is identified by adding another 1.0 sec pulse 
displaced by 10 sec. 

Figure 2 is a photograph of the data storage and 
sampling readout section. The storage tape travel 
is from the supply spool, across the writing table, 
record head, drive capstan, readout heads, and onto 
the takeup spool. 

The tape moves so slowly that it can easily be 
written on with a brush or a felt ink marker. Thus 
comments such as local weather conditions, calibra- 
tion data, or date and time marks can be written 
directly on the storage tape. The only precaution 
is that the tape motion across the recording head 
should not be disturbed. For these reasons the 
writing table was provided ahead of the recording 
head. The tape was mechanically isolated from 
writing disturbances by lateral guides and a friction 


pad. 


FiGurReE 2. Close up view of the data storage section. 


The recording head stack is of conventional con- 
struction as are the drive capstan and pressure roller. 


3. Sampling Readout 


The sampling readout occurs at the cylinder 
around which the tape makes a 90° turn. In this 
cylinder are mounted four readout head blocks with 
their gaps accurately located 90° apart. The cir- 
cumference of the cylinder is 10 in. In operation 
it revolves counter-clockwise at 3 rps. This makes 
the playback head-to-tape velocity 20 ips, which 
gives reasonable head output levels. Each head 
contacts the tape for 2% inches, which corresponds 
to 10 min. of recorded data. The outputs of the 
four heads sampling a recorded data channel are 
added in series. Thus, the sampled readout con- 
sists of a continuous sequence of data blocks, each 
containing the equivalent of 10 min. of onginal 
recorded signal. 

The tape was recorded at 1/240 ips and is read at 
30 ips. This high speed readout translates the 
input frequency spectrum upwards by a factor of 
7200:1. Thus the original 0.02 ¢/s to 1.0 c/s becomes 
144 c/s to 7200 c/s. Also, the time delays between 
channels, necessary to bring the signal waveforms 
into coincidence, are reduced by the same 7200:1 
factor. For example consider two microbarographs 
placed 10 miles apart. They have about a 48 see 
direct line transit delay. The equivalent relative 
delay needed after sampling is only 6.7 msec. 

The data are read out at 12 samples per second. 
Each head is in contact with the tape for 2.5 in. so 
that any given datum point on the tape continues 
to be sampled for 10 min. The effect is to produce 
7,200 samples of any given datum point. In the 
limit this would allow the trial of 7,200 different data 
computations. 

A synchronizing pulse is produced during each 
sample. This pulse can be phased to correspond 
with any position along the 10 min sample. 


4. Time Delay Section 


By means of the tape loop and the map linkage, 
variable time delays are introduced into each channel 
corresponding to a systematic search for signal cor- 
relation at all azimuths and over a range of velocities 
appropriate to acoustic signals. Relative time 
delays are introduced into all five data channels but 
not the time channel. Figure 3 is a photograph of 
the time delay mechanism. The time delay is 
produced by using a tape loop with moveable play- 
back heads. The loop is formed of 40 in. of 1 in. 
wide magnetic tape. It runs at a speed of 30 ips. 
The five data outputs from the storage readout are 
re-recorded in parallel on the tape loop. Each data 
track has an independently moveable readout head. 
The heads can be displaced a maximum of % in. for 
& maximum change in time delay of 25 msec. This 
is the equivalent of 180 sec in the original data time 
scale. 





The time delay is programed by a map and push- 
rod linkage. The program includes only those time 
delays appropriate to acoustic phase velocities across 
the microbarograph array. Plane wavefronts are 
assumed and no corrections are made for Jocal 
topography. This program is achieved by the fol- 
lowing mechanism. A scale map of the microbaro- 
graph sites is mounted in a pair of gimbals with the 
plane of the map at the gimbal axis. The push-rods 
operate from the map positions of the sites, and are 
displ: wed along their axes when the map is tilted. 
The push-rods in turn vary the position of the play- 
back heads along the tape loop. In the neutral posi- 
tion, map plane perpendicular to push-rod axes, all 
playback heads are in line and there is no relative 
time delay. This corresponds to an infinite hori- 
zontal velocity or to a signal which comes straight 
down form overhead. As the map is tilted away 
from neutral some heads are advanced and others 
retarded from the neutral position. This corre- 
sponds to searching in the direction of greatest 
retardation for the presence of signals having a 
velocity which is a function of the amount of retarda- 
tion. 
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Fiaure 4. Sample output record for the correlator. 

Since the map is mounted in gimbals, it can be 
tilted toward any azimuth; or, at a given tilt, it can 
be rotated through a complete circle or azimuth 
sweep. The time delay program rotates the map 
tilt continuously, taking 15 sec for a complete 
azimuth sweep. At the same time as it is rotating, 
the map tilt angle is slowly changing from an angle 
corresponding to a velocity of 400 m/sec to an angle 
corresponding to a velocity of 280 m/sec. ‘The total 
change in tilt angle takes 10 azimuth sweeps or 2.5 
min. An eleventh azimuth sweep is used to return 
the velocity program to its starting point. Figure 
4 shows a sample output record for one complete 
azimuth-velocity search pattern. At the search rate 
used, any signal in the original recording will yield 
an output for at least three successive azimuth- 
velocity searches. 

Each azimuth sweep takes 15 sec. At 12 data 
samples per second there are 180 data samples per 
azimuth swee p (360°). Ignoring all other factors 
this gives an azimuth resolution of 2°. In auto- 
matic search this resolution is seldom achieved. 
But the automatic search can be stopped and the 
mechanism moved by hand to any desired point 
in the program. 


5. Amplitude Equalization 


The original input data amplitude range covers 
over 60 db. Under ‘quiet’? conditions the back- 
eround may fall as low as 0.1 to 0.2 dyne em~?. 
Under “noisy” conditions the background can 
exceed several hundred dyne cm~*. Since this is 
recorded as direct analog data on the magnetic 
tape, the tape’s own dynamic range becomes the 
limiting factor. This has been set at 0.2 to 50 
dynecm~*. To cover this wide range of data levels, 
automatic amplitude equalization or automatic 
gain controls were used. 

The amplitude of each channel is independently 
and automatically adjusted to the same rms voltage. 
This is done by two stages of thermistor controlled 
feedback amplifiers. One stage is between the 
sampling readout and the tape loop delay. This 
stage can reduce a 60 db input amplitude range to a 
20 db range. This eases the dynamic range require- 


| ment of the delay system. The other stage comes 
after the delay system, reducing the 20 db delay 
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Figure 3. Closeup view of the time delay mechanism. 





output range to 0.5 db. As a result all — levels, 
from the equipment self noise level to tape satura- 
tion come out within 0.5 db of the same level. 
The time constant of the equalizer and the averaging 
time of the detector are both approximately 10 
min, referred to the time scale of the original data. 


6. Signal Detection 


In an ideal situation the output would be zero at 
all search points except ior the one representative 
of the signal. This would require that the noise 
present be completely incoherent at all times and the 
signal be of such a character as to be incoherent at 
all search points except that point of full coherence. 
This ideal situation cannot exist in a practical 
device since it would require as one prerequisite an 
infinite sample length. Since the sample length is 
finite and there are a limited number of inputs, 
there is also a real probability of correlation in the 
The output of the correlator is useful, in 
spite of the nonideal operation, since noise correla- 
tions tend to occur at random, while the azimuth is 
searched. It is this repetitive output for signal 
that allows it to be identified in the presence of 
noise. 

For the following analysis it is assumed that the 
map linkage is stopped at the point which introduces 
the ideal relative time displacements for signal 
correlation 

Let the correlator have n inputs J;, each of which 
is the sum of signal S; and noise N,. These inputs 
are operated on by compressor circuits which equal- 
ize all inputs to the same rms level. Therefore the 
outputs of the compressors are E Ol; (I7)' of The 
channels are added in a resistive adder whose output 
is £,=[1/(n+2)]Z£;, this adder being chosen for cal- 
ibration convenience. The adder output may be de- 
tected by a square law rectifier, averaged, and 
displayed on a graphic recorder. The recorder de- 
flection D is therefore another averaged quantity 
D=k}. Combining these several operations gives 
result 


noise. 


as a 


The Pr 


so that the recorder deflection can be w ritten as 


D 
An average correlation coefficient 7 can be defined by 


7=[ Sry | lnm) 


resulting in D=[C/(n+2) P[n+n(n—1)7 


To establish a scale for the output recorder it is 
necessary to note that removal of all inputs but one 
results in a constant output of D=0©7/9. With 7T=0, 
D=C?/|(n+2)?/n]; or for n=4, D=C?/9 and for 
n=5, D=C*/9.8. Thus, the one input case gives 
the same deflection as zero correlation for four in- 
puts and is a close approximation for five inputs. 
The deflection for 7=1 is established by injecting 
the same signal into all inputs simultaneously. For 
operational use the constant term was suppressed so 
that the recorder scale would be direct reading in 7. 

Returning to 7, and substituting S,+N, ‘for I, 
gives 





(S,+N;) 


or, assuming that 


defined as 
R?=S37/N?3 ~ if it is assumed that S,—S,, then 
I RR, ((Ri+-1)(Rj+-1)]'”. The correlator output 
is noW seen to be a function only of the number of 
input channels and the signal-to-noise ratio at each 
input. 

If all the input noise levels are approximately the 
same, then it is convenient to think of an average 
input signal-to-noise ratio R. The operating recorder 
output then can be taken as Doc/?/(1+-R?) and it 
is this scale that is used in estimating input signal- 
to-noise ratio. 

The original detector was an approximately square- 
law device. Although it was an excellent detector, 
its Operating point and range were variable enough 
to be a maintenance problem. A simple full-wave 
rectifier has since been used with excellent results. 
Comparison tests have shown it to be approximately 
equivalent to the square-law device for detection. 
Both have detected signals at a signal-to-noise ratio 

r The linear detector has the disad- 


gnal-to-noise ratio PR, can be 


The _signa 


of 1/4, r=1/17. 
vantage that the output indication is not calibratable 
in terms of signal-to-noise ratio as is the square-law 
detector. 


7. Auxiliary Devices 


The synchronizing pulse produced with each data 
sample has been used for three purposes. Originally 
it was used to generate a blanking pulse to eliminate 
the overlap region between sample ends. The data 
samples are taken continuously with the beginning 
of a sample immediately following the end of the 
preceeding sample. There is no gap or blank be- 
tween samples. Thus, when the delay playback 
heads are displaced to give a relative delay, there is 
a short region when the leading head is reading the 
beginning of a sample and the trailing head is read- 
ing the end a sample. This region of nonreal 
inputs was accordingly blanked from the detector’s 
memory. Subsequent tests showed that the con- 
tribution from this region to the output was so 
small as to be unnoticeable; therefore, the blanking 
feature was eliminated. 





The second use of the synchronizing pulse is in 
reading out the time pips. The syne-pulse gen- 
erates a gate about 0.5 msee long. ‘The time pulse 
reads out as a 0.14 msec pulse. As the storage tape 
moves through the sampler, the position of the time 
pulse will pass through the position of the gate. A 
coincidence circuit is used to compare the position 
of the time pulse with the gate. The two will show 
coincidence for about 36 samples or 3 sec. The 
output the circuit throws a time 
marking pen on the output recorder. Thus, the 
recorder time track has a 3 sec mark every 5 min. 
These identify the data interval being 
processed. 

The third use of the synchronizing pulse is a 
recent development. Using it to trigger a gated 
detector connected to the sampler output allows the 
creation of a graphic anolog replica of the input data 
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in real time. Divorced from the correlator it forms 
a gated-readout device for low speed magnetic tape 
recordings. It is not the same as a flux sensitive 
readout but can perform essentially the 
function. 

Another use of the gated readout which has been 
suggested is in signal enhancement. Once a signal 
has been detected by the correlator the 
mechanism can be stopped and set to the optimum 
azimuth and velocity. The storage tape can be 
backed up and rerun through the sampler. Now, 
if the gated readout is connected to the adder out- 
put, it will read out a graphic replica of the ‘“‘best 
correlating fit.” This improves the signal-to-ratio 
by (n)!” over the original data channels. For our 5 
channel system this amounts to 7 db. This is not 
a large increase but, having once identified the 
presence of a signal, it may allow a better study of 
the signal’s character. 
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Graphic records and correlator output for a 
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Correlator 


tornado signal. 





As an example of signal detection by the correlator, 


figure 5 shows the graphic recordings and correlator 


output for the May 20, 1960 acoustic signal reported 
in “Intrasonic Disturbance in the Atmosphere,” 
NBS Technical News Bulletin, December 1960. 


(Paper 67C 1-117) 


The correlator exists as a functional device pri- 
marily due to the skill and efforts of the following 
persons. The basic concepts used in the device 
were originated by Daniel P. Johnson and the late 
Peter Chrzanowski. The device was designed and 
proven out chiefly by Harry Matheson, Irving 
Levine, and Henry Schmidt. 
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Elastic Constant—Porosity Relations for Polycrystalline 
Thoria 


S. Spinner, F. P. Knudsen, and L. Stone 


(October 23, 1962) 


The relations between the elastic constants and porosity for about 300 thoria specimens 


have been determined. 
tained by a dynamic resonance method. 
computed. 
would be expected from the theory. 


Both Young’s and the shear modulus for each specimen were ob- 
From 
The decrease in the elastic constants with increasing porosity was greater than 
This greater decrease for the experimental values is 


these two moduli, Poisson’s ratio was 


attributed to the fact that the specimens do not conform to the idealized assumptions of the 


theory. 


1. Introduction 


Polycrystalline metals, which are formed by cool- 
ing from the molten state, ordinarily result in a 
material of essentially zero porosity. Consequently, 
metallurgists who are interested in the relation 
between microstructure and the macroscopic proper- 
ties of such materials are generally concerned with 


the effect of the grains (size, shape, possible orien- | 


tation) on these (macroscopic) properties. On the 
other hand, in 
sintering—this includes some metals as 
ceramic materials—zero porosity is seldom achieved, 
so that ceramists studying the relation between 
microstructure and macroscopic properties of sin- 
tered materials must be concerned with the effect of 


porosity as well as granular structure on macro- | 


scopic properties. 


The effect of porosity on the elastic properties | 


has been the subject of considerable experimental 
[1,2,3]! and theoretical |4,5,6,7,8] investigation. 
The primary purpose of the present study is to 
present data on this relationship (between porosity 
and elastic constants) obtained from polycrystal- 
line ThO, specimens. The reasons for the choice of 
ThO, specimens are twofold. In the first place, 
very little data of this type are available for ThO,. 
In the second place, since ThO, is a cubic crystal, 
its thermal expansion is isotropic. Consequently, 
thermally induced intergranular stresses, such as 
may exist in Al,O,, for instance, are not present. 
It would appear, then, that the porosity—elastic 
constant relationship developed with ThO, would 
come closer to the “‘ideal’’ situation. It will be 


seen later, however, that other complicating factors | 


affected the results to such a degree that this sup- 
posed advantage was effectively rendered of minor 
importance. 


1 Figures in brackets indicate the literature references at the end of this paper. 


materials which are formed by 
well as | 


2. Experimental Procedure 


2.1. Specimens 


All the specimens used in this study were hydro- 
statically cold pressed and sintered at 1,750 °C for 
17 hr. All the specimens were sintered in the same 
furnace at the same time. The specimens were 
placed in the center of the (large) furnace in such a 
manner as to minimize any possible temperature 
gradients from specimen to specimen. As a further 
precaution to insure uniform heat treatment, the 
various groups and subgroups of specimens (to be 
described) were interspersed in the furnace so that 
no group would tend to receive a different heat treat- 
ment from any other group. A range of porosities 
was obtained in each of three different groups of 
specimens in the following manner. In the first 
group, all the initial particle sizes were from 0 to 2 yu. 
The lowest porosity was obtained by using no filler, 
and increasingly higher porosities were obtained by 
using increasing amounts of filler in the cold pressing 
process. The filler burned out on firing. This group 
is designated as Group I. The second group, desig- 
nated as Group II, was of 2 to 4 u particle size, and 
the range of porosities was obtained in the same man- 
ner. The filler used in all cases consisted of 250-325 
mesh unsulfonated styrene—divinyl benzene beads. 
In the third group, designated as Group III, no 
filler at all was used, the range of porosities being 
obtained by using increasingly larger particle sizes 
to form the specimens. It is seen that the lowest 
porosity specimens of Groups I and II (in which no 
filler was used) also comprise the lowest porosity 
specimens in Group ITI. 

The range of porosities for each group could be 
divided into subgroups of the same nominal porosity. 
Because of the large total number of specimens 
measured, 293, it was more convenient and also facili- 
tated clarity of presentation, to show the data in 
terms of these subgroups rather than in terms of 
individual specimens. In some cases, however, when 





it was believed to be important, statistical analysis 
was performed on the basis of individual specimens 
rather than on the basis of subgroups. 

The first three columns of table 1 give the specimen 
designation, number of specimens, and average 
porosity in each subgroup having the same nominal 
porosity. The fourth column gives the standard 
deviation of the porosity of each subgroup. The 
first two numbers of the specimen designation indi- 
cate the partic ‘le size and the third number indicates 
the nominal percentage by volume of filler used. 
(i.e., 0-2-6 means that the particle size was from 0 to 
2 w and 6 percent filler was used, 12—24—0 


am wb means 
particle from 12 to 


that and no filler 
used 

It is also noted from the 
the largest particle size (24 to 44u) resulted in speci- 
mens of slightly (but not significantly) lower average 
porosity (26.08°,) than the next smaller 
particle size (13-24y) which gave specimens having 
an average porosity of 26.19 percent. 

After firing, the specimens were ground to the 
shape of rectangular bars about 6's ; in. The 
dimensions of each of the finished specimens? were 
uniform to 0.001 in. 

Spectrochemical analysis on samples from repre- 
sentative subgroups showed the following impuri- 
ties: —Al, about 0.01 percent, Si 0.01 percent, Ni, 
about 0.005 percent, Meg 0.005 percent, Fe, 

0.001 percent, Sn, present in one sample (7-13 
0-7) 0.005 percent. E ced for and the 
presence of which was questionable were Ag and Ca. 
ig ere for and not detected were Au, B, 

Be, Bi, Co, Cr, Pb, Sb, Ti, V. There appeared 
to ts no eclheun chemical differences between the 
different groups and subgroups of specimens. Also 


size was 24 u 


table that in Group LIT, 


those of 


as measured on 
2u) was not significantly different 


the purity of the starting powder, 
one group (0 to 


from that of the finished specimens. 


2.2. Method 


The elastic moduli were determined by the dy- 
namic resonance method previously described [9]. 
Resonance frequencies were determined to an accu- 
racy of about 1 part in 4,000. For each specimen, 
the fundamental of four different resonance fre- 
que - ies was determined. These were 

(1) flexural, flatwise vibration 

(2) flexural, edgewise vibration 

(3) longitudinal 
(4) torsional. 

Youur’ s modulus was computed independently 
from the first three types of vibration (4, Yo, Ys, 
respectively) Bee: the shear modulus was computed 
from the torsional mode. The equations for these 
computations have also been previously described [9]. 
The time involved in making these numerous and 
rather cumbersome calculations (293 ><4=1,172 eal- 
culations), as well as most other analysis of the data, 
was considerably reduced by the use of an automatic 
computer. 

The porosity, ?, in volume fraction of pores, was 
obtained from the equation, 


where po, the theoretical or zero porosity density, 1s 
taken as 10.0 g/cm.’ * and the density of a par- 
ticular specimen, was obtained from the mass, and 
volume, calculated from the dimensions. 


3 This value is based on the X-ray data « 


ured ThOs from the s » source as used here, 
4.8.T.M. value (also b used on X-rays 
9.991 g/em on high purity ThOd». 


yf Lang and Knudsen [10], who meas- 
obtaining 10.01 g/cm* and the 
of Swanson and Tatge [11] who give 


Elastic constants and porosities of thoria specimens of this in 


Shear Young's 
modulus modulus 
G tio dgewi Longitu 


dinal) Ys 


a(Ys) @ 


Kilobars 
2206 
2004 
1565 
1073 

RIK, 2 

191.7 


2127 
1841 
1611 





olumn immediately to left, 
? values from p= Y/2G—1 





3. Results 


The complete data for the specimens are given in | 
table 1. It seems desirable to clarify the following | 
two points at the outset. The first concerns the | 
procedure for obtaining the averages aaa standard | 
deviations of the porosities and elustic moduli of | 
each subgroup given in table 1. For the porosities, 
which constitute the 1 Baad variable, the 
standard deviation for a particular subgroup is merely 
a measure of the range of porosity for that subgroup, 
and a large value for the standard deviation implies 
no lack of accuracy in that variable. The average 
and standard deviation of the porosity of each sub- 
group, then, was computed directly in the con- 
ventional manner. On the other hand, the standard 
deviation of the associated elastic moduli, the de- 
pendent variable, should be a measure of the pre- 
cision of the data. Consequently, one wishes to 
know, not the average and standard deviations of the 
directly determined values of moduli for a subgroup, 
but rather the average and standard deviation of the 
moduli that would be associated with the average 
value of the porosity of that subgroup. This cor- 
responds geometrically to moving the directly de- 
termined point for each specimen along a line 
parallel to the overall porosity-modulus relation for 
all the specimens of a group until it meets the vertical 
line through the average porosity for the subgroup 
in which that specimen is included. This process 
is represented by the equation, 


E,=E,+AP(dE/dP) 


‘ 
< 


where FE represents the generalized elastic modulus 
(whether Young’s modulus, Y, shear modulus, 
G) and the subscripts, a and 6, represent the ad- 
justed and unadjusted values of that modulus. 
AP is the difference in porosity between the value 
for a particular specimen (of given F,) and the 
average for the subgroup containing that specimen. 
The or sign in the equation depends upon 
whether /, is at a higher or lower porosity than the 
average for the subgroup. Average and standard 
deviations of /, were then obtained in the usual 
manner and are the ones given in table 1 

The values of dE/dP for the different subgroups 
used in the equation were obtained in two different 
ways depending upon whether the subgroups con- 
sisted of a small (six or or large (about 40) 
number of specimens. 

In the subgroups containing a small number of 
specimens, where an insufficient number was avail- 
able to establish a reliable slope for that subgroup, 
a second degree equation was fitted by least squares 
to the data representing the particular modulus- 
temperature relationship for all the individual 
specimens (not subgroups) comprising a_ group. 
dE/dP for each subgroup was then obtained in the 
conventional manner, by substituting the average 
value of porosity for that subgroup into the deriva- 
tive of the related porosity-modulus equation. The 
adequacy of these second degree representations of 
the data will be demonstrated later. 


less) 


5 
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For the larger subgroups, a sufficient number of 
specimens and a sufficient range of porosity was in- 
volved for a satisfactory slope to be computed on the 
basis of the specimens of each subgroup. A typical 
plot of such modulus-porosity relation is shown in 
| figure 1. It can be seen from the figure that a linear 
| least squares fit would give a reliable value of dF, 
dP for the data. Also, the standard deviation of 
the ordinate given by the computer along with the 
least squares equation gives the standard deviation 
of the elastic modulus directly. 

This procedure for both large and small subgroups 
assumes that AP is linear over the range any 
particular subgroup. This assumption is seen to be 
justified by figure 1 for a typical large subgroup and 
would certainly hold for the smaller subgroups having 
a smaller range of porosities. 

The second point concerns the three independently 
computed values of Young’s modulus. It is clear 
that if the equations for these computations are self- 
consistent, and the specimens conform to the basic 
assumptions of the equations, namely that they be 
homogeneous and macroscopically isotropic, then the 
values of Young’s modulus from the three types of 
vibration :(flatwise flexural, edgewise flexural and 
longitudinal) must agree within the accuracy of 
measurement of the relevant parameters (resonance 
frequency and dimensions). This agreement should 
be on the order of about 0.2 percent for the speci- 
mens of this investigation. 

That this is clearly not the case here may be seen 
from table 2 which gives typical values of Young’s 
modulus computed from these three types of vibra- 
tion for individual specimens. Since previous work 
(12, 13] has shown that for materials which are more 
homogeneous than those used here, annealed glass 
and steel, the values of Young’s modulus computed 
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FIGURE Typical data of an elastic modulus versus porosity 


for a large subgroup 4-7-0. 


The line is drawn through the linear least square fit for the date, 
G=—2032P +973 
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from these three types of vibration do agree to 
within the expected figure, one must conclude that 
it is the lack of uniformity of the specimens (due to 
nonuniform distribution of the pores throughout the 
specimens or some other cause) rather than inconsist- 
ency in the equations that is responsible for the lack 
of such agreement found here. 
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This conclusion is strengthened by the following 
additional information. Almost all the specimens 
were cut laterally in half and reground for further 
experimentation after measurement. This work will 
be described in later publications. A small section 
was also removed from the middle for microscopic 
analysis. Y, and density for all the cut and re- 
ground specimens were obtained in the same manner 
as already described. Not only did the densities and 
Young’s moduli (Y,) of the two halved specimens 
not agree with each other but the averages of these 
values for the two halves often did not agree with 
those for the specimen from which they were formed. 
This disagreement was greater for the more porous 
specimens. In general, the best agreement in Yj, 
Y>, and Y’; was associated with specimens having the 
lowest porosities. (This observation is in accordance 
with the idea that nonuniform distribution of pores 
is the main cause of lack of uniformity of the speci- 
mens, for where the overall porosity is low, any 
departure from uniformity should have less effect 
on the bulk specimen.) Lang [3] also found this 
lack of agreement in Yj, Y2, and Y3, not only for 
ThO., but for sintered materials in general. 

Thus, although the precision (the average differ- 
ence between repeated measurements) of Y,, Y2, and 
Y; is usually better than 0.2 percent, nevertheless, 
the accuracy, using the agreement in these moduli 
as a criterion, is considerably less than this, being 
about 1 to 4 percent depending on the porosity; 
and for the shear modulus, G, though no such eri- 
terion is available, since G was computed on the 
basis of only one resonance frequency, the same 
figure for the accuracy probably applies inasmuch 
as the same factors are involved. The precision of 
the values of G is on the same order as for Y;, Yo, 


and Y, 


42 


This lack of agreement in Yj, Yo, and Y,; to within 
the expected limit and associated lower accuracy for 
the elastic moduli must not be confused with the 
standard deviations of the elastic moduli of the 
subgroups given in table These standard devia- 
tions are a measure of the scatter of the points for 
any given porosity and, although this scatter is 
undoubtedly a reflection of the nonuniformity of the 
specimens, it is not a direct measurement of this 
nonuniformity. 

In fact, this scatter, represented by the standard 
deviations of the elastic moduli in table 1, may mask 
the real differences in Y,, Yo, and Y; for individual 
specimens by making it seem that these values of 
Young’s modulus “agree” if the standard deviations 
are taken into account. Indeed, it is possible for 
Y,, Yo, and Y,; to disagree by amounts greater than 
indicated here and still have standard deviations 
far less than those in table 1; and conversely, one 
may have much better agreement in Y,, Yo, and Y; 
and yet have standard deviations larger than those 
in table 1. 

This disagreement in Y,, Yo, and Y: 
some choice be made as to what value of Young’s 
modulus shall be taken representative of the 
specimens in subsequent analysis. One may choose 
some appropriate average or select that value which 
is believed most ‘‘accurate.”’ Y, was finally chosen 
the representative value mainly because it is 
usually the easiest one to obtain experimentally and 
seems the one most appropriate to compare with 
shortened specimens which were subsequently fabri- 
cated from the large ones, and for which the flatwise 
flexural resonance frequency is often the only one 
that can be detected. Further reference to Young’s 
modulus, then, applies to Y; and the subscript will 
be dropped. It is recognized that this choice is 
somewhat arbitrary but it may be seen from table 1 
that had some other value of Young’s modulus been 
selected on some reasonable basis, then, although 
individual points might vary somewhat, the trends 
to be shown would not be affected. 

The Young’s modulus-porosity and shear modulus- 
porosity relations for all three groups are shown 
graphically in figures 2 and 3 respectively. Each 
point for this investigation represents a subgroup 
given in table 1. It is seen that for both Young’s 
modulus and Pal modulus, the data divides itself 
into two The upper curve in each figure 
represents the data for Groups II and III while the 
lower curve is for Group I. The lines drawn through 
the points are the solutions of the second degree least 
squares equations for all the individual specimens 
(not subgroups) of a group. The equation for the 
upper line in figure 2 is for the specimens of Group 
I], and is given by 


, requires that 


as 


as 


sets. 


Y =3437 P?—6978P-+- 2606. 


is for the 


The equation for the lower line in figure 2 
specimens of Group I, and is 


4036P?—8762P+-2621. 





The shear modulus-porosity equations for Groups 


Il and I, which form the upper and lower curves of | 


figure 3, are respectively, 
1155P?—2540P-+- 1008 

and 
G=693.3P? 


2885P-+-1001. 


No similar equations for the specimens of Group 


I1l were developed because it can be seen from the | 


figures that the equations developed for Group II 
give a satisfactory fit for Group III as well as the 
group on which they are based. It is also recalled 
that the original purpose of these equations was to 
obtain values of dZ/dP for the small subgroups and 
all the subgroups of Group IIT contained a sufficient 
number of specimens for d#/dP to be determined on 
the basis of a linear least squares fit for each sub- 
group. 

On the basis of these equations and the graphs, 
the “‘best estimate’ of the values of Young’s and 
shear modulus of ThO, at zero porosity, Y> and G, 
(the “theoretical” elastic moduli corresponding to the 
“theoretical” density) are given as 

Yo 


2610 kilobars and G,=—1006 kilobars. 


From these values of Y, and G), Poisson’s ratio at 
zero porosity, up may be computed from the well- 


known equation for isotropic materials, u =9q7 1; 
to be 0.297. Values of Poisson’s ratio at the different 
porosities for all subgroups may be similarly com- 
puted using the values of ) and G for that subgroup. 
These values are given in table 1 and are plotted in 
figure 4. The same division in the data previously 
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Fiaure 2. Young’s modulus versus porosity for all the ThO, 
specimens of this investigation. 


Each point represents a subgroup in table 1. 
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Figure 3. Shear modulus versus porosity for all the 


of this investigation. 


Each point represents a subgroup in table 1. 
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Figure 4, Poisson’s ratio versus porosity for all the ThO, 


specimens of this investigation. 


observed for Young’s and the shear modulus as a 
function of porosity is also seen to hold for Poisson’s 
ratio, the upper curve being for Groups IT and ITI 
and the lower curve for Group I. Apparently, what- 
ever factor or factors are causing the specimens of 
Group I to show different Young’s and shear 
modulus-porosity characteristics from those of 
Groups II and III also manifest themselves for 
Poisson’s ratio as a function of porosity. The 
greater decrease in Poisson’s ratio found for Group I 
is not a consequence of the fact that the decreases 
of Young’s and the shear modulus for Group I are 
larger than for Groups II and III, but of the fact 
that the relative decrease in Young’s modulus is 
greater than the relative decrease in the shear 
modulus by a larger amount for Group I than for 
Groups IT and ITI. 
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The lar 
than for 
expected, 
ratio from these 
by an order 
and the shea 


ver scatter in the data for Poisson’s ratio 
Young’s and the shear modulus is not un- 
in the computation of Poisson’s 
two moduli, its accuracy is reduced 
magnitude from that of Young’s 
modulus. Thus, the negative value 
of the 0-2-30 ys ma is probably not correct even 
though it is in line with the trend for Group I. 
(In this subgroup, » computed from Y% or 
also negative but by a smaller amount.) 

The tendency for Poisson’s ratio to decrease with 
increasing porosity is in qualitative agreement with 
Hashin’s [8] and Dewey’s [4] theoretical predictions. 
However, the large decrease in the experimental 
values (above about 15 percent porosity not in 
accordance with theory. As indicated earlier, how- 
ever, the specimens probably depart from the 
assumptions of the theories to such an extent that 
even a qualitatiy e agreement is encouraging. 

Using the value of Y, 


since 


es 


Is 


Is 


for each group, one may 
plot }’./¥, where }’s is the value of Y for a specimen 
at any given porosity, and compare the results of 
this investigation with those of other investigations 
on other sintered materials, plotted on a 
similar basis. These are shown in figure 5. 

Lang’s data for Al,O; is typical a fairly large 
vroup for this material, as summarized recently by 
Knudsen [14]. It interesting to note that Bar- 
ducci and Cabarat’s [1] results for fritted bronze 
are in such good agreement with those obtained 
here for Groups II and III. However, here too, 
although the in modulus for all these 
materials is in qualitative agreement with theory, 
the large differences in )’,/Y, as a function of porosity 
for the different materials, as well as the two separate 
curves for different groups of the same material 
this investigation, and for Al,O,, indicate that 
the specimens probably do not conform to the as- 
sumptions of the theory and render any attempt at 
quantitative comparison with the various theoretical 
formulations (at least, over an extended porosity 
a somewhat dubious procedure. 
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Recognizing the limitations involved, it might 
still be instructive to compare some experimental 
and theoretical results on the basis of a linear approxi- 
mation, For this purpose, we consider only the 
relative slopes at zero porosity, —1/E, (dE/dP), of 
the experimental and theoretical relationships. Such 
a comparison seems realistic since one of the major 
assumptions of the theories, namely no interaction 
between pores, is most likely to be realized experi- 
mentally as zero porosity is approached. Also, such 
a comparison should be of more than ac ademic 
interest because it can be seen from figures 2, 3, and 
5 that the porosity-modulus relationships depart 
only slightly from linearity up to about 15-20 
percent porosity which encompasses the range of 
interest in most practical applications. 

These comparisons are shown in tables 3 and 4, 

\ description of the procedures for obtaining the 
numerical values in these tables given in the 
appendix. 
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Inspection of the tables shows that generally, the 
relative decrease in elastic moduli found experi- 
mentally is greater than the theoretical equations 
predict. The only exception to this is for the data 
of Coble and Kingery [2] who obtained a decrease 
in Young’s modulus slightly greater than Gatto’s 
[3] theoretical value. Coble and Kingery [2] also 
noted that the experimental values of other investi- 
gators generally decreased more rapidly with porosity 
than the theoretical expectations. 

Concerning the separation in the porosity-modulus 
curves for the specimens of Group I from those of 
Groups IT and III, it does not appear that this is 
due to chemical differences, as has already been 
noted. Furthermore, the possibility of the effect 
of different methods of forming the pores, one from 





filler and one from different starting particle sizes, 
must be discounted since the pores of the specimens 
of Greups Il and III were formed in different ways 
while the pores of Group I were formed in the same 
way as for Group II. 


It has already been suggested [15] that the greater | 


decrease for the experimental values obtained by 


Lang [3] over the theoretical predictions was due to | 


the fact that the pores were not spherical. Also, the 
possibility cannot be overlooked that factors other 
than porosity (such as grain size, grain orientation, 
nature of grain boundaries, etc.) may also affect the 
elastic moduli. If however, it is assumed that the 
more rapid decrease in moduli with 


pores, then it seems reasonable that the greater 
decreases in moduli for one set of experimental 
results over another will be associated with those 
groups of specimens having pores with greater de- 
partures from sphericity. Thus the pores of the 
specimens of Group I should depart from being 
spherical to a greater degree than those of Groups I] 
and III. The pores of the specimens of Group I 
might also be more interconnected in some type of 
channelized structure than those of Groups II and 
I1l. A more definite answer to this problem will 
probably come from microscopic analysis which will 
be dealt with in a future publication. 

It does seem that since the specimens of Groups IT 
and III were prepared under a wide variety of con- 
ditions (more nearly resembling those in actual 
practice) while the specimens of Group I were 
prepared under rather specialized conditions, that 
the elastic constant-porosity curves for Groups II 
and III are typical for ThO, while the departure of 
the curves for Group I from this pattern is due to 
some unusual structural peculiarity in these speci- 
mens. Further evidence in support of this conclu- 
sion is that the curves for Groups II and III fall 
more or less in the middle of other experimental 
relations, and are in better general errs with 
various values reported for ThO, [16, 17, 18, 29, 20]. 


4. Appendix 


Experimental values for the relative decrease in 
Young’s and the shear modulus with porosity at zero 
porosity were obtained in the following manner: 

For the specimens of this investigation the 
were obtained analytically from the appropriate 
second degree equations given in the text. 

Corresponding values for Lang’s results were 
similarly obtained from second degree equations 
fitted to his data by Wachtman [15]. 

The values for Coble 
obtained from a graphical fit to their original data 
using Y>=3861 A and G)=1517 kilobars. 

Barducci and Cabarat’s value for —1/Y) (dY/dP) 
was taken as equal to that for Groups II and III 
because it can be seen from figure 3 that there is no 
significant difference in these two sets of data at low 
porosities. 
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increasing | 
porosity for the experimental curves over the theo- | 
retical ones is due mainly to the nonsphericity of the | 


values | 


and Kingery’s results were | 





Theoretical values of —1/G@) (dG/dP) were obtained 
in the following manner: 

Dewey’s expression for the relation between @ and 
P is, 


re 5 
G/G,=1—2 P, 
vo 
then —1/G, (dG/dP) ~1.67. 
MacKenzie,s corresponding equation is 
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Kerner’s equation is, 


_ . (3B+4G4\ 


MackKenzie’s and Kerner’s equations are seen to 
differ only in that MacKenzie’s equation depends 
upon B and G at zero porosity, whereas Kerner’s 
equation depends upon B and G at porosity P. The 
two equations become identical as zero porosity is 
approached so that —1/G) (dG/dP) from either of 
these equations is the same. 


Hashin’s equation has been shown by Weil 
to reduce to the following form as zero porosity is 


approached, 
GG, | : = | p 
‘ OM 


and—1/G,(dG/dP) | 1—x)], 
ii, | 


From the well-known equations relating the elastic 
moduli for isotropic materials, it may also be shown 
that Hashin’s equation is equal to Kerner’s and 
MacKenzie’s as zero porosity is approached. Con- 
sequently, the numerical values of —1/G@) (dG/dP) 
from Hashin, MacKenzie and Kerner are the same. 

Most theoretical formulations (this includes 
Hashin, MacKenzie, and Kerner) give relations for 
the bulk modulus as well as the shear modulus as a 
function of porosity whereas most experimental in- 
vestigations (such as this one) are in terms of 
Young’s modulus and the shear modulus as a func- 
tion of porosity. However, from the equations 
mentioned in the preceding paragraph which are 
related in such a way that if any two elastic con- 
stants are known the others may be computed, one 
may deduce theoretical equations for Young’s 
modulus as a function of porosity so that experi- 
mental and theoretical values of —1/Y, (dY/dP) 
may be compared. 

The equations of MacKenzie, Kerner, and Hashin 
(Hashin’s equation again, as simplified by Weil [21] 





for the bulk modulus at very low porosities) are 
respectively, 
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As was the case for the shear modulus relation- 
ships, it is obvious that MacKenzie’s and Kerner’s 
equations become identical as zero porosity is ap- 
proached; and it can also be shown that Hashin’s 
equation becomes equivalent to these two as zero 
porosity is approached. 

Following now the procedure just mentioned, one 
deduces the following equation for Young’s modulus 
from Hashin’s equation, 


a 1+) 
Y/Y, a—P)[1- aes ~s (39—45y)P+ .. | 
. Ol4 ~ Op) 


(Higher order terms are negligible for small values of 
P.) 


Then 
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and at zero porosity 
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Since Kerner’s, MacKenzie’s, and Hashin’s equa- 
tions for the bulk modulus are equivalent as zero 
porosity is approached, the numerical values of 
—1/¥,(dY/dP) from the above equation would also 
apply to the other two. 

The values of By and wo used in these equations | 
were derived from the more directly determined 
values of Y, and G. 

Dewey also gives an equation for Y as a function | 
of P but this equation is not consistent with her | 
relations for G and u as a function of P, and is not 
used. 

Gatto’s value of —1/Yo(dY/dP) was derived from 
his graph which is the same as the one used by 
Coble and Kingery. . 


The authors are indebted to H. J. Foster and W. E. 
Tefft for valuable assistance in much of the math- 





ematical development in the appendix. 
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An Oxygen Partial Pressure Warning Instrument” 


Lewis Greenspan 
(October 1, 1962) 


An instrument has been developed to monitor partial pressure of oxygen in the respira- 
tory air supply to an aviator. The requirements for the application are small size, light 
weight, capability for measuring oxygen partial pressure with an accuracy of +5 millimeters 
Hg and response times less than 15 seconds. The instrument utilizes an oxygen absorber 
inone arm. Theory of the instrument is discussed and expressions for response and response 
time are derived. A prototype measuring 9° * 7% X 74 inches and weighing about 13 
pounds is described and performance data given. The prototype measures oxygen partial 
pressure within +4.5 millimeters Hg from sea level to 45,000 feet with response time from 


5 to 124 seconds. It may be used either as a warning device or as an indication. Means 
for improving response time are discussed. 


1. Introduction 


In order to maintain the well-being and efficiency of personnel in high-altitude aircraft, 
it is necessary that they be supplied with air for breathing, having a near-sea-level equivalent 
oxygen content. Where cabin pressure is not maintained at or near sea level equivalent, 
mixtures of air and oxygen or pure oxygen are metered by oxygen regulators to the personnel. 
Though air containing insufficient oxygen may have a very deleterious effect on a person, he 
is often completely unaware of the deficiency. It is, therefore, necessary to have an instrument 
to warn flying personnel of the lack of sufficient oxygen in the breathing air supply, which 
may be detected by a measure of the oxygen partial pressure in either the inhaled or exhaled 
breath. 

Such an instrument must be capable of measuring the partial pressure of oxygen in the 
range of 65 to 112 mm Hg (depending on whether the oxygen content of the exhaled or inhaled 
breath is to be measured) to within about 5mm Hg. It must perform the measurement and 
indication operation within about 15 sec due to the short time of useful consciousness when 
breathing ambient air at high altitude.! In addition, such an instrument must be small 
and lightweight for use in aircraft.’ 

An oxygen-partial-pressure indicating and warning instrument, meeting most of these 
requirements, has been developed and constructed. It is based on the critical-flow pneumatic 
bridge described by W. A. Wildhack.’ It is roughly analogous to a Wheatstone bridge where 
orifice or nozzle elements are the analogs of the resistance elements and a differential pressure 
gage is the analog of the galvanometer. When the bridge is balanced, that is, when the nozzle 
or orifice area ratios of the two arms are equal, the pressure difference across the bridge is zero. 
When a specific absorber is incorporated into one branch of a balanced bridge, between the 
upstream and downstream elements, pressure unbalance, approximately proportional to the 
partial pressure of the absorbed gas constituent, occurs and is measured by the differential 


pressure gage. 


*This project was supported by the Bureau of Naval Weapons, Department of the Navy. 

1 Journal of Applied Physiology 1, 490 (1949) Interval of useful consciousness at various altitudes, F. H. Hall. 

2? Whereas no currently available instrument was adequate for this purpose in June 1958, when this development was begun, electrochemical 
and polarigraphic type oxygen detectors which may meet requirements have since become available. 

3 Review of Scientific Instruments, Vol. 21, No. 1, 25-30, January 1950; A versatile pneumatic instrument based on critical flow, W. A. 
W ildhack 
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2. Theory 
2.1. General Steady State Theory 


Whenever critical flow exists in a nozzle or orifice, the upstream volumetric flow is inde- 
pendent of the pressure downstream of the nozzle or orifice. For a nozzle, the flow is given by 


1 


PY) (1) 


Pi 


F,=CA( =") a "( 


W here 


entrance volumetric flow 
discharge coefficient 
nozzle throat area 

ratio of specific heats 


r-=ratio of throat to upstream pressure at critical flow 


(= ri 


P,=entrance pressure 
p,= entrance gas density. 


Equation (1) holds whenever the ratio of downstream pressure to upstream pressure is 
equal to or less than 7,. For dry air, under standard conditions, r,=0.528. It varies only to 
a minor degree with temperatures and pressures here of interest. 

Consider now a pneumatic bridge containing four critical flow elements (i.e., nozzles) and 
a specific gas absorber, shown schematically in figure 1. Let the critical flow elements have 
areas Of A;,, As;, Ayy, and Ag, Fiz, Fo, Fiy, and F2, are the corresponding entrance volume 
flows to each of the elements. /, is the entrance pressure to the bridge. P>, is the pressure 
in the z-branch (the absorber branch) between the upstream and downstream elements and 
P,, is the pressure in the y-branch between the upstream and downstream elements. 

With reference to the upstream nozzle of the y-branch of the bridge, eq (1) becomes 


\ 1/9 


F,, CA, (= “yon ( P, ) of (2) 


Ply 
- ; <n 5 . : hae 
Values of (- 7, r/" are tabulated in table 1 for several gases. In addition, values 
+ 


for each gas relative to nitrogen are also given. It can be seen from table 1 that for oxygen, 


FIGURE 1. Schematic bridge arrangement 
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nitrogen, and air (as well as other gases), these values are essentially the same. Therefore 
let Z be a constant defined as follows: 


TABLE 1. Gas constants at 300 °K for discharge coefficients of unity 


Nitrogen. .-. 
Dry air 
Oxygen... 
Carbon dioxide.. 
Hydrogen 
Water vapor 


0. 6849 1. 0000 
. 6850 1. 0001 
. 6840 0. GO87 
. 6651 9711 
, OR56 1.0010 
- 6732 0. 9829 


The mass flow through the upstream nozzle of the y-branch is given 


Pyl y=Ay,ZKP, \ it 
ly 


where piy is the density of the entrance gas in the y-branch. 


re K?M,P, 
K is a constant defined by the equation py= Tr 
1 
M, is the molecular weight of the entrance gas 
T;, is the absolute entrance temperature in the y-branch. 
The mass flows through the other nozzles similarly are given by 


VM, 
T xy 


/ 


Poy ln, A,ZKP 2, \ : 


Pick x A.,,ZKP; \ sett 
Iz 


M,, 
Tx 


Pork’ or A,,Z KP», \ 


The mass flow of gas absorbed in the z-branch is given by 


pal\z=AyZKP 4 - Ma = 
yA 7 


where pA is the density of oxygen in the entrance gas, P, is the partial pressure of the absorbed 
constituent and MM, its molecular weight. 


Since there are no sources or sinks in the y-branch 


Pipl iy Poyl’ oy 
and 


M.,=M,=M:. 
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Solving for P:, in (4) and (5) yields 


pnp, «|T 
4 A2y ly 
Since there is a sink in the z-branch 
Pork n= pisl\2—paF 12. 
Solving for P:, in (6), (7), and (8) gives 


, 


p, Ap [MT _ Au p M,_ /T,, 
“3 Abs ‘'\ M21, A;, . ¥M\M2.\ T1 


The differential pressure across the bridge, D,, is P2, less P2; or 


(41 |ToAae, [Mila pA Ma [Ta 
D, . (44 lu ak M..T ;., ios “a ar M,M:,\ T iad 


; =~ A 
Assume that the bridge is balanced, that is, —Y’=—~—"¥=*~ 


, and that the temperatures are 
A, <A, A; 


all equal, that is, 7),=7\,=72,=7,,—T. Equation (14) then becomes 


_p “Al, i) » Ai Ma : 
D,=!I 1” ] \ Mp. +P. A: JM. Me (15) 


If the molecular weight of the gas is not significantly changed by the removal of the 
absorbed constituent, that is, where 14,=M,,, eq (15) becomes 


Ma, 
‘M, 


D,=“" Pp, 


- 


(16) 


Thus it follows that the pressure difference across the bridge is a direct linear function of the 
partial pressure of the absorbed constituent. For air at atmospheric conditions, this linear 
approximation, would lead to a 5 percent error. 


2.2. Speed of Response 


Adequate speed of response is an essential requirement in the application being considered. 
To estimate the response of the instrument to a step change in the input conditions, where the 
inlet pressure goes from P, to P; and the inlet partial pressure of the absorbed constituent goes 
from P,, to P4, assume that the entire bridge is maintained at constant temperature so that 
T\y= T2y= T;z=Tr,=T. The mass of gas between the two nozzles in the nonabsorber branch 
of the bridge (the y branch) is p2.,V,, where V, is the total gaseous volume of the y branch 
between the inlet and outlet nozzles. The rate of change of mass is given by 


A pry 


N v dt 


= piyl iy— Pay l'oy. (1 7) 
Substituting (4) and (5) into (17), and, integrating and evaluating constants, we obtain 
AeyZV Tt BW AyZyTt 
oy /M mc 


Poe VK y Mon +-J VU 1 Pi\1—e VK VMn | |} (18) 
+ 2y 


Now in the y-branch, the major volume, the ballast volume, is in a side branch not directly 
in the flow path from the upstream to downstream nozzle. This actual flow path is very 
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small (of the order of 2cem* in volume). Therefore, except for slight diffusion from the ballast 
volume, the gas composition flowing from the outlet nozzle is the same as the gas composition 
flowing into the inlet nozzle and it is assumed that M.,—M,. Equation (18) therefore 


becomes 
, t 
Au Lee LP, (, 0 )] 


l 7 AyZyT 
C' V_AKvyM, 


where 


In the z-branch (absorber branch) the flow is through a packed absorber which has the 
effect of providing essentially a nonturbulent and nonmixing flow. When the composition 
of the inlet gas changes, a boundary is formed in the absorber container between downstream 
gas of the old composition and upstream gas of the new composition. This boundary travels 
down the absorber tube until it reaches active absorber, at which point the oxygen begins to 
be removed. The time w required for the boundary to travel from the absorber container 
inlet to the active absorber is defined by the following expression. 

* P,, wk, 


(2 
i 4 P, - dt=1, oy 20) 


where V, is the volume of the voids in the absorber container and U is the ratio of consumed 
absorber to total absorber. Equation (20) may be also expressed as 


Fe: ri es ; ; 
where —= is the average value of per unit time during w. Assuming no pressure drop 


P, P, 


through the absorber, the rate of change of mass in the z-branch is given by 


, d pr» , + P, , 
J I “dt =p P\2— pa, Fiz P,, Pasha 
where pA, is the density of oxygen in the z-branch just upstream of the active absorber. 
0 <t <w, we have 
> 
p Pag P M, R? 
AQ 2. al 
alain ace aia 
and for w <t <, we have 
p S ." P, M, R 
Ag P, 2z Y he . 


For t <w, eq (22) becomes, 


fp 


( F. 
an =AZK 4/8 P,—A,ZK —M44_ 0 p, —An2K «fe 


dt /M,T Py 


sy ‘ = M, Pay m 7 
A, ZyvT VM,P\—AwZvT — = Pi AuZyvT VM2P 2 
dP 1 vty 14 1 1 V VM, Py 1 vy 


dt V,.KM;, 





Integrating and evaluating constants, we obtain, 


a t —— 
Aj, |M, M, ) eet 2 M, P., M, t 
P,,.= P -P,, —4— tt P, 4/1 P, - -= 
wr ae ( "VM. °° MM.) - +( "VM, Py * VM, mh. “:) 
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where 
2 Ay Ly = 
2 Vv, AK y M.. 


Equation (27) depicts the pressure in the absorber branch of the bridge subsequent to 
discrete changes in inlet gas conditions up to the time w. For tS, eq (22) becomes 


ne Nee Ee M.. 
aT, Vi vi Az 22K 4J- T = P,, 


A.ZVT-VMLP,—ApZVT irae T \M.P». 
dP... vM, 


“awe a 


Integrating and evaluating constants, we obtain, 


a a p_[Me_p. _Mz 
us " °V: Mo “0 /M.Mo 


M, Pay, Mz 
Pry M:, Py 'JM,Mex 


' Ay, Pr, .)- Ma on ‘ 
. apt PP, -(1 » )e (30) 
te \te JM, M2 ( 


Equation (30) depicts the pressure in the absorber branch of the bridge for periods 
ereater than w following a discrete change in inlet gas conditions. For a balanced bridge 
(x A, A) 


7A 7 ); the differential pressure across the bridge, D,, is given by 


Mo_p. _Ms ) 7 
OV Ma. 4° MMe 


as, M, a M 
PAq—, C)—} p,( * 
+ 1\ \ M.,, 0 v¥M,M, 


for t<w, and by 


Al p -a_(p .|Me_p Ma) <-t ma. 
ms At Pace -(P. V™., so TEM . +P,(1 é 


M, t M oe ee M 
—P,( 1 _ “9 24 =) (- ci) (3° P,P.) - A 
Vi. Po JVM) ~ Py * “7 VMiMaz 


. ; so As A2, A, 
It is apparent from (31) and (32) that if ——4“=.-=> » the response of the instru- 


V,M, V.M., VM 
M,, Ay 


ment is exponential. Though the volume V, cannot be made exactly equal to V, ws 
1 4427 


because M, is not a constant, it is made approximately so and the expression for the bridge 
response to a discrete change in inlet gas conditions for t<w is approximately given by 


_A, (1 M\,p _Ma_ |.-G,4 (1 Ms) 
Dm Pol — a tal vii 


ik e, ; -- 


nq iM, Mn 12, VM, ive Po 


for t> wa. 
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A,ZVT 
VK 


where and for tSa, 


M M “oS 
0 .P A |: ( 
Vie) Pun 
“ ) M 
( P | yt) ag? - 
| ( . : \ M, + */M, Me 


P, M, + 
JM, Mz, 


M 
p,(1- P | 2, 
} ml ae ui +P © /M Me ?0 
M, M 
P, (1- P, D, 
; ral ~ VM 4 air. | " 


into eqs (33) and (34), where Dp, and Dp, are the steady-state bridge indications corresponding 
to the imitial and final inlet conditions, respectively, we have 


D -P—P 4A = M, ¢ ~ 3 p,)4|D —D, 4 ace A (+ - P,- -P ) fe 
Pt As YM Mz, \ Po . VM; in Bo 


where t<w. For tS, we have 


yA 


Substituting 


A, M, (1 Ao -p,)| mt 
D,=D, D,,—D,,+ C—!] - : P, v, 
t A] Pr Pp He 4 24 M; Me P, ri € 


Substituting the indication at which a warning is achieved, D,, for D,, in (37) and 
we may solve for the time necessary to achieve a warning, t,. 


0=t,= 


M gin ) 
: | Pc ae 
A Tear. (P. {ees 
Ar: Ma_ (fp _p ) 
fal a, Fe 


D,,,-—Dp 


my Fat of 
: A; : M, a 
A, /M\M2, 





Fs, 
A special case of (39) and (40) is obtained when either Pp == 
0 
remains constant) or when w=0. In these cases we have 
0<ty< © 
D.. —P 


, 
p= — CO 2 
t. In D, —D 


2h (41) 
Py 

The time constant CO of the instrument constructed was approximately 119 sec. Based 
on an assumption that one half of the volume of the absorber container remained void after 
filling with absorber, it is estimated that w could vary from 0 to 47 see under steady inlet 
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pressure conditions. Under these circumstances the time to warn was excessively large. 
A number of improvements could be made to reduce the time necessary to achieve a warning. 

One method of reducing t,, is to reduce the time constant C. Better packing of the absorber 
in the absorber container would reduce V, but not to any appreciable extent since the volume 
of the pressure switch is also involved in V. Increasing A, or reducing the volume of absorber 
container would reduce the allowable operating time between refills of fresh absorber. Some 
improvement in C may be achieved by better packing of absorber or by obtaining a pressure 
switch with a smaller internal volume, but to a great extent it is determined by the operating 
time desired between absorber refills. 

Another method of reducing t, is to reduce w. This is likewise influenced by the desired 
operating time between absorber refills but more complete filling of the absorber container 
has a greater influence on w than on the time constant C, because the internal volume of the 
pressure switch is not involved in the determination of w. 

Another method of improving w is to reverse the flow through the absorber container 
after one half of the normal operating time between absorber refills had expired. This would 
have the effect of halving the maximum value of w. Another method would be to have the 
inlet tube in the absorber container advance through the absorber during operation at a rate 
greater than the rate of absorber consumption. ‘This would have the effect of essentially 
restricting w to the value of 0. 

Another method of reducing t, would be to restrict the maximum value of Dp, to a value 
only slightly greater than Dp,. Various methods of restricting Dp, may be used. One method 
was used in this instrument and demonstrated its feasibility though it did not reduce t¢, to 
acceptable limits in all cases. 

The method of controlling D,, in this instrument was to close off the inlet to the bridge 
by means of a solenoid valve whenever J), exceeded some value )),, and to reopen the solenoid 
valve whenever D), was less than some preset value D,,. Both D,, and D,, were greater than 
D,,. A-second microswitch located within the pressure switch and set just above the warning 
indication microswitch, was used to actuate the solenoid valve. Closing or opening the solenoid 
valve, while inlet conditions are steady, does not change the molecular weight of the inlet gas 
or the percent of oxygen in the inlet gas. Therefore, D, 


, Is given by 


D. 
D <> 


er M, ,P4, Maz 
_ D,, A, o(} Vi." P, MoM.) 


, 


; ee ra , ; " Ay 
Since the only initial conditions appearing in (39), (40), or (41) are D,, and Pp.’ D,, 
0 
, 
° ° . 40: 
D,,, may be substituted directly for D is not changed. 
0 


m9 Since Pp 

An estimate of the effect on the time to warn created by this method may be made for 
specific conditions. Assume that D,,=D,,, and that D,,=43.8 mm Hg which corresponds 
to an oxygen partial pressure of 110 mm Hg at 35,000 ft. If we switch from QO, to air at 35,000 
ft we have the following time to warn 


Time to warn in sec | Time to warn in sec 
with w=0 with w=59.5 





No solenoid modification _ __- 8. ¢ 102 
D,,=53.8......-- eee ere” 35. 68. 6 
Dy, = 45.0 oe 13. 9 








Since D,, is not equal to D,,, there is a period of time during which the solenoid valve 


is closed, during which time, the instrument is incapable of sensing changes in inlet conditions. 
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Therefore to the above estimated times would have to be added some fraction of the time that 
the solenoid valve remained closed. For this system to operate optimally, it is necessary for 
D,, and D,,, to be very near each other and only slightly larger than D,,. The limits to which 


this system may be pushed depend primarily on the sensitivity of the pressure switch available. 
3. Description of Instrument 


Figure 2 shows a schematic diagram of the pneumatic system of the instrument constructed 
to give a warning whenever the inlet partial pressure of oxygen decreases below a predetermined 
value. 

Test gas, the oxygen partial pressure of which is to be determined, enters the inlet (1). 
About half of the flow goes through the bypass orifice (2) directly to the main valve (3) and on 
to the vacuum pump (4). The rest of the test gas goes through the solenoid valve, (5), through 
a filter (6) and into the inlet of the orifice block (7). In the orifice block, the gas again splits 
into two roughly equal streams, one of which traverses the y-branch while the other traverses 
the z-branch of the bridge. 

The y-branch flow passes through the y-branch inlet orifice (8) and out of the orifice 
block. From there it goes to a ballast volume (9), and then to one side of a differential pressure 
switch (10), to a self-sealing pressure tap (11) and back into the orifice block. It then passes 
through the y-branch outlet orifice (12) and, joining the flow from the z-branch, flows from the 
outlet of the orifice block, is met and augmented by the bypass flow and discharges through the 
main valve (3) into the vacuum pump. The z-branch flow goes through the z-branch inlet 
orifice (13), out of the orifice block, through the absorber container (14) to the other side of the 
differential pressure switch (10) and to a self-sealing pressure tap (15) and back into the orifice 
block where it traverses the z-branch outlet orifice (16) and then merges with the y-branch 
flow and proceeds as previously described. 

The vacuum pump induces a flow through the orifice block containing the four orifices 
which make up the pneumatic bridge. The filter is used upstream of the orifice block to 
maintain orifice cleanliness. The differential pressure switch across the bridge senses the 
bridge indication and initiates the warning. The ballast volume compensates for 
the absorber bolume so that es The self-sealing pressure taps allow introduction 

“2ay  ““28 
of a differential pressure gage for reading directly the differential bridge pressure. 

In order to minimize the warning time, the maximum instrument indication is kept near 
the indication necessary to cause a warning. This is accomplished by stopping the flow to 
the inlet of the bridge by means of the solenoid valve whenever the differential pressure across 
the bridge exceeds the warning pressure by some fixed amount. ‘The continuing flow from the 
bridge causes a reduction in the inlet pressure as well as the inlet oxygen partial pressure, 
thereby decreasing the differential pressure across the bridge until the solenoid valve reopens. 
The action of the solenoid valve is controlled by the differential pressure switch through a 
microswitch that is set to operate at a pressure just slightly above the warning pressure. The 
bypass orifice maintains a continuous flow of test gas, regardless of on-off position of the solenoid 
valve, directly to the vacuum pump. 








Figure 2. Schematic diagram of model 2. 
l=inlet; 2=by-pass orifice; 3=main valve; 4=vacuum pump; 
5=solenoid valve; 6=filter: 7=orifice block; 8=y-branch inlet orifice; 
9=ballast volume; 10=pressure switch; 11=self-sealing pressure tap; 
12=y-branch outlet orifice; 13=z-branch inlet orifice; 14=absorber 
container; 15=self-sealing pressure tap; 16=z-branch outlet orifice. 
































Figure 3 is a front view of the actual instrument, without the absorber container connected 
and figure 4 is a view of an assembled and disassembled absorber container. 
The instrument as constructed weighs 11% lb, exclusive of the absorber or ballast volumes. 


‘ 


The filled absorber container weighs between 1% and 1% lb of which 1.15 Ib is the weight of 
the empty container. Over 5 lb of the weight of the instrument is contributed by the vacuum 
pump and motor. The major dimensions of the instrument are 9% in. long, 7 in. deep and 
7% in. high. 

Orifices are used in lieu of the nozzles since orifice flow measurements indicated that these 
orifices had nozzlelike critical flow characteristics. The outlet orifices were made by drilling 
a hole in 0.008 in. thick phosphor bronze blanks with a 0.006 in. drill. The inlet orifices were 
Sabricated in like manner with a 0.004 in. drill and the diameter of the y-branch inlet orifice 


lt 


was enlarged by etching in nitric acid until the desired i * ratio was obtained. With these 
Aoy 


orifices, the y-branch flow was approximately 74 cm*/min and the z-branch was approximately 


62 cm‘/min. The orifice area ratios for both branches are approximately 0.377. 


A, 

The orifice block is made of aluminum and measures roughly 2% in. by % in. by 4%in. The 
block is of one piece construction with two orifice recesses on each of the two largest faces. 
At the ends (inlet and outlet) are machined fittings to take rigid tubing. There is an aluminum 
fitting for each of the recesses which is attached to the face with three allen-head screws. 

-rings provide a leak-tight seal between fitting and orifice disk and between the latter and 
the block. The heat capacity and high conductivity of the block tends to maintain the 
orifices at a uniform temperature. 

The absorber container is made of three interchangeable elements, an aluminum tube and 
two aluminum end caps. At each end, the inner wall is slightly tapered. Each cap is con- 
structed to slip into an end of the tube and is held in place by three set screws which extend 
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Figure 4. Absorber container assembled and unassembled. 


through threaded holes in the wall of the container. Each cap has three set screw holes, an 
O-ring groove and a quick-connect self-sealing female fitting at the top which communicates 
with the necessary holes in the underside of the cap. The hole in the underside of the cap 
has a fine screen filter. 

When the absorber container is filled with absorber, fiberglass plugs, the same diameter 
as the i.d. of the tube are placed under each cap to retain the absorber. O-rings seal the cap 
to the tube and set screws help in the alining of the caps so that the absorber container quick- 
connects mate with the male quick-connects on the instrument proper. 

An oil-wetted vane-type vacuum pump is used as the final downstream element of the 
instrument. By means of this pump, the critical flow conditions necessary to the operation 
of the instrument are maintained. The pump exhaust is fitted with a special baffle which per- 
mits Operation in any position without loss of oil. Included with the pump, in one integral 
unit, is a 27 v d-c motor, rated at 7 amp. 

The differential pressure switch, used to actuate both the warning signal and the solenoid 
valve, is a slack diaphragm type with two separately adjustable microswitches. 

The valve used to decrease the response time is a 24 v d-c direct-acting solenoid valve with 
a Ke in. orifice. 


Downstream of the solenoid valve is a sintered bronze filter in the shape of a flower pot 
which is sealed to the inside of a lucite tube by means of O-rings. 


The bypass orifice used to insure a continuous flow from the gas source irrespective of 
whether the solenoid valve is open or closed, has an area approximately equal to the sum of the 
inlet orifice areas. It was made and is retained in a metal block in the same manner as the 
bridge orifices. It is connected between the inlet to the solenoid valve and the inlet to the main 
valve. 

In its present form, the instrument contains no permanent ballast volume to compensate for 
the volume of the absorber container. A connection is provided for attachment of an external 
volume. <A glass bottle containing glass beads was used to adjust the volume to its proper 
value. If containers of absorber become standardized, a permanent fixed ballast volume can 
be added to the instrument. Otherwise, a permanent adjustable volume can be added. 
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Figure 5. Electrical schematic diagram. 


A=power input; B=main switch; ( vacuum pump motor; 
D=pressure switch; E=solenoid override switch; F —normally open 
relay; G=normally closed relay; H=solenoid valve; 1=solenoid 
signal light; J= warning light; K= warning signal jack. 


mas 
3 

Figure 5 is a schematic diagram of the electrical circuitry of the instrument. Electric 
energy in the form of 28 v d-c enters the instrument through a nonpolar recessed male receptacle, 
A. Main power then goes to the main microswitch, B, and then to the vacuum-pump motor, 
C, and the other controls. 

One of the two microswitches in the differential pressure switch, D, actuates a relay, F, 
which energizes a warning light, J, and miniature phone jack, K, both on the face of the instru- 
ment. The other microswitch actuates another relay, G, which energizes a second signal light, 
I, on the face of the instrument and the solenoid valve, H. This relay, G, is operated in a 
normally closed position. A signal from the pressure switch, through the relay, closes the 
solenoid valve. In the absence of a signal from the pressure switch the solenoid valve remains 
open as long as the power is on. A solenoid valve override switch, E, is provided on the 
instrument face, which interrupts the signal from the pressure switch to the solenoid relay 
thereby holding the solenoid valve open. 

The chemical selected as the oxygen absorber is cobaltous oxide (CoO), which combines 
with oxygen to form cobaltic oxide (Co,O;). It is not readily available commercially but can 
be produced by heating cobaltous carbonate at 640 °F in vacuum for several hours. The 
chemical reactions involved are 

CoCO;—-Co0 + CO, 
4Co0+0,-2Co,0; 


Theoretically, 1.6 pounds of cobaltous carbonate should produce 1 lb of cobaltous oxide, 
which in turn should combine with 0.1 lb of oxygen, or about 32 liters of oxygen at standard 
conditions. Based on the flow rate in the z-branch of this instrument, one pound of chemical 
absorber would be adequate for 8% hr of operation with 100 percent oxygen at standard condi- 
tions. Perfect and complete conversion of cobaltous carbonate into cobaltous oxide is not 
achieved. Neither can a container of absorber be used until all of the cobaltous oxide is con- 
verted into cobaltic oxide. But on the other hand, neither is operation with 100 percent oxygen 
at standard conditions likely. Based on observed consumption, it was estimated that 1 lb of 
absorber chemical should be adequate for 8 to 10 hr of operation. 

There was a tendency for the cobaltous oxide powder to pack, thereby presenting too great 
a resistance to the flow of gas. This was overcome as follows: Cobaltous carbonate, 0.15 lb, 
was thoroughly mixed with 10 cm* of water and then pressed into disks 2% in. in diameter and 
%s in. thick in a piston cylinder arrangement with a force of 50 tons. The disks were then 
converted to cobaltous oxide under vacuum in a glass chamber at 640 °F. The vacuum and 
temperature conditions were maintained until the liberation of carbon dioxide and water vapor 
became negligible (indicated by a reduction in pressure to % mm Hg or less). After cooling, 
the disks were transferred from the conversion chamber to the instrument absorber container 
in a nitrogen-filled glove box. 


The conversion is accompanied by a color change from orange to green, the disks shrink 
slightly in size, and escaping carbon dioxide makes them porous. This porosity makes it pos- 
sible for the subsequent gas flow to come into contact with virtually all of the chemical. The 
disk allows more chemical absorber to be packed into less volume than is possible with powder. 
Even when the disks break up, they fracture into large pieces which do not pack. 
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Reactivation of cobaltic oxide into cobaltous oxide is accomplished by continuously flush- 
ing the expended disks with hydrogen in a sealed chamber maintained at a temperature 550 °F 
or higher. The effluent is passed through a cold trap which condenses out the water vapor. 
The process is continued until the rate of water condensation has become negligible. 

Absorber charges of approximately % lb were generally used. It is estimated that the 
absorber container will hold about three quarters of a pound of absorber when packed to the 
optimum. 

4. Performance 


4.1. Method of Determining Performance Characteristics 


In order to determine performance characteristics, the instrument was operated with 
input gases which were controlled in composition and pressure. Input pressures were measured 
by means of an absolute pressure gage, connected at the input to the instrument, and control 
was obtained by manipulation of valves. Composition was also controlled by valve manipu- 
lation on flow lines coming from different cylinders of known gases. The mixed gases were 
sampled by a Model E-2 Beckman Oxygen Analyzer before entering the instrument. The 
oxygen analyzer was maintained at the same pressure as the input to the instrument and there- 
fore gave a measure of the partial pressure of oxygen entering the instrument. Tanks of oxygen 
air, nitrogen, and carbon dioxide were used, as well as a water saturator. 

In order to measure response time, solenoid valves were placed in the gas supply lines 
with appropriate switches so that discrete changes of composition could be made. The 28 
v d-c warning signal was used to operate a relay which stopped an electric clock. The reading 
of the electric clock gave the time to warn directly. Instrument response was read with a 
mercurial manometer with a zero to 800 mm Hg range and a resolution of 0.1 mm Hg. 

Figure 6 is a composite graph of data taken on three different days. Table 2 is a comparison 
of this data with theoretically expected performance given by (15). 

This data indicates that the instrument response is less than theoretically expected. 
This is probably due to the incomplete absorption of the oxygen by the absorber and to the 
pressure drop upstream of the inlet orifices such that the inlet partial pressure of oxygen to 
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these orifices is actually less than that in the sample. The instrument response is nominally 


linear except in cases where the mass ratio of oxygen to test gas approaches unity; here the 
vacuum pump fails to maintain critical flow across the outlet orifice in the z-branch which 
produces a further reduction in instrument response. 


Comparison o ed s with theoret 


Measured bridge output 
Pheoretical 
expected 
bridge 
output 


4.2. Linearity and Altitude Dependence 


The indicated differential pressure is dependent primarily on the oxygen partial pressure 
and secondarily on the ratio of oxygen partial pressure to total gas pressure. If this latter 
ratio is constant, the indication is linear and independent of altitude. In actual use, this 
ratio is not constant; therefore, where the altitude (inlet pressure) is constant, this effect 
shows up as a nonlinearity in response and where the partial pressure of oxygen is constant, 
this effect shows up as an altitude (inlet pressure) dependent response. As a warning device, 
where only one value of oxygen partial pressure is of interest, only the altitude effect is of any 
concern. 

If the inlet gas mixture contains only oxygen and nitrogen, then a computation using (15) 
yields the theoretical extent of this effect, which is a maximum of 7 percent of the indication. 
ee ; Ps : an 
For mixtures of oxygen enriched air where 0.209 < P < 1.00, the maximum theoretical variation 

l 
in linearity at any fixed inlet pressure is 5.4 percent of the indication. For systems which 
vary in altitude from sea level to 45,000 ft, the maximum theoretical variation in indication 
at any fixed oxygen partial pressure is 4.6 percent of the indication. Table 3 gives the measured 
and theoretical variation in linearity for the data in table 2 for altitudes of 18,000, 33,000, and 
45,000 feet. 


TABLE 3. Linearity 


Variation in linearity 


indication in percent of 
indication 


Measured Theoretical 





We may determine the altitude effect at any particular partial pressure of oxygen by 
drawing individual altitude curves. As an example, the maximum altitude effect at 74 mm Hg 
oxygen partial pressure for altitudes from 18,000 to 45,000 ft is 10 percent. The theoretical 
value for these conditions is 3 percent. 

Determinations of linearity and altitude effects were based on measurements of inlet 
pressure, partial pressure of oxygen, and the indicated differential pressure of the instrument, 
each of which had experimental errors. It is likely that the actual variations in linearity and 
altitude dependence are less than the computed maxima. 


4.3. Sensitivity 


Figure 6, which is a composite of data on the instrument performance, also includes a 
straight line going through the origin, D,=0.355 pO,. ‘This is the straight line representation 
of the data below 45,000 ft. The experimental sensitivity of the instrument is approximately 
2.82 mm Hg oxygen partial pressure per/mm Hg instrument indication. 


4.4, Repeatability 


a. As Partial Pressure Indicator 


We may determine the repeatability of the instrument by comparison of the output 
indication divided by the partial pressure of oxygen values for similar points (same altitude 
with near oxygen partial pressures) in different runs. The 8th column of table 2 gives these 
values. It shows an average repeatability to within 1.1 percent with a maximum deviation of 
2.2 percent. 


b. As a Warning Device 


As a warning device the range of oxygen partial pressure causing a warning is a function of 
the altitude dependence, repeatability of indication at warning point, and repeatability of 


pressure switch operation. It was determined that the differential pressure, when decreasing, 
at which the pressure switch operates to give a warning, is 25.1 to 25.4 mm Hg. Combining 
this information with data taken from figure 6 yields the results in table 4. For an increasing 
differential pressure, this pressure switch always removes the warning before the differential 
exceeds 27.4 mm Hg. This fact, in connection with figure 6, gives the oxygen partial pressure 
necessary to remove a warning as shown in table 4. At pressure altitudes from sea level to 
45,000 ft, a warning is given when the partial pressure of oxygen decreases to 74.1+4.5 mm Hg. 
The warning is always removed before the oxygen partial pressure increases to 85.6 mm Hg. 

The solenoid valve, operated by the second pressure switch, is set to operate at a differential 
pressure somewhat above 85 mm Hg. 


TABLE 4, Oxygen partial pressures for warn ing 


based on figure 6 


Partial pressure Maximum partial 

Altitude of oxygen pressure of 
causing warning oxygen necessary 
to remove warning 


1000 ft 
. 73.5 to 74.2 

69.6 to 70.6 | 
70.1 to 72.2 | 


4.5. Speed of Response 


a. Asa Partial Pressure Indicator 


Since the volume of the differential pressure gage influences the time constant of the instru- 
ment, either the gage volume must be specified or the time constant given for the instrument 
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without a gage. The time constant was determined without a differential pressure gage by 
using the warning feature to determine when a particular indication had been reached. With 
a typical absorber charge, the time constant of the instrument without a gage is approximately 
119 sec. With a time constant of 119 sec, it would take 94 sec to achieve a warning when the 
inlet gas is changed from air to nitrogen at sea level. 

The volumes introduced by the filled absorber containers were not identical because the 
containers were not uniformly nor completely filled. Techniques could be evolved for more 
complete packing and this would of course, reduce the time constant. 


b. As a Warning Device 


A number of runs were made using the instrument as a warning device. The times 
required to achieve a warning following a discrete change in inlet gas composition are given in 
table 5. It is believed that a reduction of the volume between the solenoid valve and the 
orifice block will decrease these warning times since reducing this volume decreases dead time. 


raspiteE 5. Measured times necessary to achieve a warning 








i rime to 
Altitude 7 ; ta 7 ; warn in 


seconds 





4.6. Absorber Life 


The instrument was operated with absorber charges of approximately § pound. This, 
theoretically should have provided 3,200 mm Hg oxygen partial pressure-hours of operation. 
In actual practice, these absorber charges provide only about 1,200 mm Hg-hr of operation. 
As presently adjusted the solenoid valve operation limits the average oxygen partial pressure 
to about 909 mm Hg. This should provide 13 hr of operation with a \-lb absorber charge. 


4.7. Contaminating Vapors and Gases 


Runs were made with entrance gases passing through a water saturator. This introduced 
water vapor into the gas mixture. It was found that water vapor was absorbed by the chemical 
thereby increasing the bridge output over that obtained with dry gas. When the saturator 
was removed, the instrument indication decreased below the normal dry gas value, presum- 
ably because some of the absorbed water vapor was being liberated by the chemical. Use of 
carbon dioxide as one of the inlet constituents produced results similar to the water vapor, 
indicating that it, too, was absorbed by the chemical. 


If varying amounts of water vapor and carbon dioxide were to be present in the inlet gas, 
compensation mechanisms would have to be employed or a more specific absorber used, 
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5. Conclusion 


An oxygen partial pressure warning device has been built that will indicate whenever the 
oxygen partial pressure in air oxygen mixtures is less than 74.1+4.5 mm Hg at altitudes from 
sea level to 45,000 ft. 


The instrument is fundamentally rugged and is moderate in size and 
weight. 


The times required to obtain the necessary indication in response to a decrease in 
oxygen partial pressure are very variable and usually exceed the 15 sec desired of such an in- 
strument, 

Further reduction in the size, weight and warning time of this type instrument, as well as 
increased reliability are possible. The likelihood also exists that the range of oxygen partial 
pressure causing an indication can be reduced. This instrument demonstrates the practicality 
of using a critical flow pneumatic bridge as an airborne oxygen warning device. It also demon- 
strates the practicality of using this particular bridge for dynamic gas analysis. 

The instrument is capable of measuring the partial pressure of any gas for which an ab- 
sorber exists. The purpose of the y-branch is merely to serve as a nonabsorber reference. As 
a gas analysis instrument a separate z-branch could be provided for each constituent to be 
measured. By reading the differential pressure between the y-branch and each of the 
a-branches, multiplicity of gas constituents in a gas stream could be measured simultaneously. 
The bridge would always possess one more branch than the number of constituents to be 
measured. 


This instrument can also be used to study the absorption characteristics of materials in 
environments of known gas composition and pressure. The differential pressure is a measure 
of the rate of absorption occurring, under the existing conditions. 


(Paper 67C1-119) 
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New Fast-Opening, Large-Aperture Shutter for High-Speed 
Photography* 
E. C. Cassidy and D. H. Tsai 


(October 5, 1962) 


A fast-opening, large-aperture, high-transmittance shutter has been developed. 
metallic foil in a capacitor discharge circuit. 
is buckled and compressed laterally by the electromagnetic 


shutter consists essentially of a 
action is obtained when the foil 


This 
The opening 


forces which accompany the heavy surge current through the circuit, during a transient 


discharge. 


area 1 inch 3 inches in less than 


the foil. 
1. Introduction 


In recent years a number of high speed photo- 
graphic shutters have been developed (see for exam- 
ple, references [1]! through [6]). Of these, the Kerr- 
cell and Faraday type shutters [1,2] both open and 
close in the submicrosecond range. They are, how- 
ever, characterized by poor light transmission. Ref- 
erence [4| describes a shutter which opens and closes 
a 1.6 mm slit in about 15 usec. References [5] and 
[6] are closing shutters which require 20 to 30 usec 
to close. This paper describes a fast-opening, large 
aperture, high transmittance shutter. The shutter 
consists of a piece of metallic foil clamped between 
two electrodes in a capacitor discharge circuit. The 
foil is placed in front of a camera so that the camera 
lens is completely covered. When a heavy current 
is passed through the foil during the discharge of 
the capacitor, each current filament in the foil reacts 
with the magnetic field set up by the other current 
filaments. The direction of the force is such that 
the filaments are drawn together [7]. As a result, 
the edges of the foil are compressed toward the 
center filament, and the fast-opening action is 
achieved, 

An improved arrangement consists of two foils 
mounted side by side in the same plane (but insu- 
lated from each other along their common edge) 
and clamped to a common conductor at the top 
and to two electrodes at the bottom. The foils thus 
form the two arms of a loop circuit. When current 
is passed through the foils, each foil is compressed 
by the electromagnetic forces described above, and, 
in addition, each foil is repelled by the other because 
they carry current in opposite directions [7]. The 
opening action is therefore faster. 


Typically, a shutter with foils in a loop arrange- | 


ment opens to an area 1 in. X 3 in. in less than 45 
usec. The initiation of the opening action may be 


controlled to within 1 psec. When this shutter is 


*This work was sponsored by the Advanced Research Projects Agency under 
Order No, 20-61. 
! Figures in brackets indicate the literature references at the end of this paper. 
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A shutter made up of two foils in a loop arrangement may be opened to an 
45 microseconds. 
design and operation of the shutter are briefly discussed. 
trical energy input to the foil, the circuit parameters, 
Some experimental results are also given. 


Some of the factors affecting the 
These factors include the elec- 
and the materials and the size of 


used in conjunction with a high-speed camera and 
a suitable closing shutter, it gives precise control 
of the initiation and duration of an exposure, and 
permits photographic observation of any portion of 
a high speed event with a high percent of light 
transmittance. 


2. Experiments 


Experiments have been made to test the perform- 
ance of several shutters of both the single- and the 
looped-foil type with foils of different materials and 
dimensions. Figure 1 is a schematic drawing of the 
discharge circuit with a looped-foil shutter. In this 
model, the foils were mounted on opposite sides of 
a thin piece of transparent plastic. The foils over- 
lapped slightly in order to prevent the passage of 
light at the center. The plastic piece served to sup- 
port the clamps at the top and the bottom, and to 
insulate the two bottom clamps (and the foils) from 
one another. The clamps were made rather massive 
in order to reduce distortion when tightened, and to 
provide good electrical contact with the foils. 

The shutter assembly was installed in series with 
a high-voltage capacitor and a spark gap which 
served as a switch [8]. The capacitor was charged 
by means of a high voltage power supply. ‘The 
spark gap was fired by means of a thyratron trigger 
circuit which supplied a high-voltage pulse to break 
down the spark gap. With this setup, the initiation 
of the discharge could be controlled to within 1 usec. 
The duration of the discharge, for the foils tested, 
ranged from about 10 usec to about 50 ywsec. The 
motion of the foils due to the discharge was observed 
by means of a high-speed framing camera, focused 
on the foils. 

Figures 2a and 2b show a single-foil shutter before 
and after the passage of current. With an aluminum 
foil, 1 in. <3 in. X0.0005 in. thick, it was found that 
the width could be compressed from 1 in. to }s in. 
in about 100 usec. 

Figure 3 shows the experimental apparatus with 
two 2 in. <3 in. X 0.0005 in. aluminum foils installed 
in the loop arrangement. In this setup, the foil 











circuit with a 


discharae 


A stngle foil shutte hefore 


discharae (b). 


discharge a), 


holder and the spark gap assembly were mounted on 
a 15 wf, 20 kv, energy storage capacitor. The open- 
ing action of a shutter of this design, with two alu- 
minum foils (1 in. 3 in.<0.001 in.), is shown by 
the framing camera record in figure 4. Here the fram- 
ing camera was focused on the foils, and the opening 
action was silhouetted by backlighting the foils with 
a flashtube. This particular shutter opened to a 
1 in. 3 in. area in about 50 usec. 

3. Results and Discussion 


The opening action of the shutter (the motion of 
the foils) is controlled by the magnitude and dura- 
tion of the electromagnetic forces, and by the mass 
and stiffness of the foil. The rather complex prob- 
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FIGURE 3. A looped-forl shutter 


the 


(before discharge) 
ex perime ntal se lup. 


installed in 


lems of solving the equation of motion for the foil 
and of optimizing the speed of the opening action 
were not undertaken in the present investigation. 
However, the qualitative effects of some of the 
design and operating parameters on the opening of 
the shutter were examined in an effort to determine 
conditions of more favorable operation. In the fol- 
lowing paragraphs, the results of this investigation 
are briefly discussed, and some typical experimental 
results are presented. 
Optimum energy input—The speed the opening 
action of the shutter may be i incre ased by increasing 
the current through the foil | However, with a 
given foil and discharge cieonié. the maximum speed 
of the action is limited by two practical considera- 
tions: (1) the total electrical energy input to the 
foil must not be so high as to cause combustion of the 
foil,? because the flash from the combustion which is 
sometimes accompanied by an are discharge would 
expose the film in the camera; (2) the electromagnetic 
forces at any instant should not be so high as to cause 
excessive stresses in the foil, because this could shat- 
ter the foil and interrupt the current path, and con- 
sequently reduce the driving electromagnetic forces. 
These considerations, therefore, determine the ‘‘op- 
timum”’ energy input to a foil. 

The “optimum” energy input depends primarily 
on the thermochemical and the mechanical (stress- 


2 All of the energy input goes into heating of the filaments because the heat loss 
during the disharge is negligible 
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strain relationship) properties of the foil material. 
For a given foil the “optimum”’ energy level may be 
obtained by a trial-and-error method, by adjustment 
of the initial energy stored in the capacitor. Ex- 
perience has shown that for a given material the ‘‘op- 
timum”’ energy (initial stored energy) per unit mass 
of foil remained approximately constant. For ex- 
ample, experiments, with a given discharge circuit, 
showed that the “‘optimum”’ energies per unit mass 
for the copper and aluminum foil used were approxi- 
mately 4.7 10° j/lb and 9.9 10° j/lb, respectively. 
It was also found, of three materials tested (copper, 
aluminum, and Monel), that copper and aluminum 
were limited by burning, whereas Monel was limited 
by shattering. 

E’ffect of circuil parameters 


The capacitance, resist- 
ance, and inductance of the circuit affect the current 


as well as the duration of the discharge. These param- 
eters therefore affect the impulse to the foil and the 
distribution of the impulse during the discharge. 
The problem of obtaining the “optimum” impulse 
(highest force without shattering or burning, shortest 
discharge time) from a given level of stored energy is 
difficult, and a satisfactory solution was not obtained 
in the present investigation. However, experimental 
tests showed the following results, which may be of 
interest to who is seeking more favorable 
operating conditions. 

With a given foil, for which the energy input was 
held fixed at the “optimum” level, a change in the 
capacitance in the circuit had essentially no effect on 
the opening of the shutter over the range tested 
(from 15 to 30 wf). As for the resistance in the circuit, 
it would seem that, for faster opening action, a lower 
resistance would be desirable, inasmuch as a lower 
resistance would allow a higher current, and thus a 
higher electromagnetic force. However, the resist- 
ance in the shutter circuit is mainly that of the foils. 
If the size of the foils is kept the same, then the resist- 
ance can be changed only by changing the material 
(or the resistivity) of the foil. This, of course, in- 
volves a change in the “optimum” energy and in the 
mass (density) of the foil. To determine the effect 
of changing the resistance (foil materials), therefore, 
one must balance the effects of these concurrent 


one 
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Opening action of a loope d-foil shutter 


T 
2 3 


(20 psec between frames). 


changes. In the present investigation, experiments 
were performed with two shutters, one with copper 
foils and the other with aluminum foils. The dimen- 
sions of the foils in each case were 1 in. * 3 in. 
0.001 in. For the copper foils, the “optimum” 
energy was 923 j, the density was 8.9 g/cm 
resistivity was 1.8 < 107° ohm-cm; 
foils, these values were 528, 2.7, 
respectively. 


stored 
, and the 
for the aluminum 
and ‘OG. 
from a consideration 
of these changes, that the shutter with aluminum 
foils should open faster. The experimental results 
showed that this was indeed the case. The shutter 
with aluminum foils opened to an area 1 in. X 3 in. 
in about 48 usec, while the shutter with copper foils 
required about 60 usec to open to the same area. 
Aluminum foil is also a good choice because of its 
availability and low cost. 

The inductance of the circuit is determined 
primarily by the geometry of the circuit, and is not 
easily adjustable in an actual experiment. The 
effect of inductance was therefore not investigated 
experimentally. However, generally speaking, a low 
inductance results in a high peak current and a 
short duration of discharge. For fast-opening 
action, therefore, the inductance in the circuit 
should be minimized. The inductance should not, 
however, be so low that the peak current and thus 
the compressive force and the mechanical stresses 
in the foil become excessive and cause shattering 
of the foil. 

Effect of size of the foil—In the present work, the 
length of the foil was considered as fixed by the 
size of the camera aperture, and was not investigated. 
As for the thickness of the foil, some experiments 
were performed with aluminum foils of the same 
width (1 in.) but different thicknesses (0.0005 in. 
and 0.001 in.). The results showed that the shutter 
with the thicker foils opened faster. This result was 
expected inasmuch as the electromagnetic forces 
on the foil filaments are proportional to the current 
squared [7] (and thus to the thickness squared), 

while the mass per filament is directly proportion: al 
to the thickness. The stiffness is not a factor if the 
foil is kept thin enough to permit buckling, because 
after the initial buckling of the foil the stiffness is 


It was concluded, 





greatly reduced. It was concluded, therefore, 
that if the electromagnetic forces, obtained at the 
“optimum” energy input, are sufficient to cause the 
foil to buckle, then the shutter with foils of greater 
thickness should open faster. 

The highest opening speed achieved in the ex- 
periments was obtained with the widest foils, the 
foils tested being plane and of three widths: 1.0, 
1.5, and 2.0 in. With the 2 in. foils, in the loop ar- 
rangement, the inner edges of each foil attained an 
initial speed of 1.7X10* in. and the shutter 
opened to an area of 1 in. X 3 in. in about 42 usec. 
The 1.5 and 1.0 in. foils required 50 usec and 57 
usec, respectively, to open to the same area. These 
results were also expected inasmuch as increasing 
the width of the foil allows a greater current, without 
affecting the mass per filament or the stiffness of the 
foil. Increasing the width should, therefore, increase 
the opening speed of the shutter. Another advan- 
tage of a wider foil is that the interruption of the 
current path, caused when the edges of the foil are 
torn from the clamping electrodes in the process of 
opening, is less significant for a wider foil. The foil 


sec, 


should therefore be as wide as is practical with the 
stored energy available. Another, possibly more 


effective, way of increasing the width and hence the 
force would be to use a corrugated foil. 
ever, was not done in this investigation. 


This, how- 
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Equations for the Radiofrequency Magnetic Permeameter 


Cletus A. Hoer and Alvin L. Rasmussen 


(October 25, 


netic materials at radiofrequencies. 


1962) 


The rf permeameter is an impedance transformer for measuring toroidal-shaped mag- 
Several equations already exist for calculating per- 


meability (u’) and dissipation factor (tan 6) from measured input impedances of the perme- 


ameter. 
range of tan 6. 


The results from these equations do not agree with each other except over a small 
In this paper the permeameter is represented by its equivalent T-network 


and an exact solution for uw’ and tan 6 is obtained in terms of the input impedances and the 


impedance of a calibration core. The 
tan 6 for the conditions discussed in the 
exact equations are 
results, 


1. Introduction 


Since the development of the radiofrequency per- 
meameter! [1, 2,3, 4]? several equations have been 
derived for calculating the permeability (u’) and 

ad 
Lu 
; where p’ and p’’ 


dissipation factor (tan 6 are 


related by the complex permeability, u*=y’—jy’’) 
of toroidal-shaped magnetic materials. In all of 
these derivations various assumptions have been 
made about the transformer characteristics of the 
permeameter. Although useful in the design and 
application of the rf permeameter, these assumptions 
have led to a number of expressions each of which 
gives correct values of u’ and tan 6 for only a limited 
range of tan 6. The equations here derived are valid 
for ‘all values of »’ and tan 6 for the conditions dis- 
cussed in section 2. Problems arising from assuming 
certain characteristics of the transformer are cir- 
cumvented by analyzing the equivalent T-network 
corresponding to the permeameter. It is assumed 
that the arms of the equivalent network are not a 
function of the load impedance. A low loss toroidal- 
shaped magnetic material is used as an impedance 
standard in evaluating the T-network. The T-net- 
work yields a set of exact equations which have 
been used in determining values of yw’ and tan 6 for 
tan 6 ranging from very low loss (0.0005) to very 
high loss (5.0). These values agree within experi- 
mental error with those obtained by other methods 
not using a permeameter. An evaluation of all 
permeameter formulas shows that the former equa- 
tions for tan 6 are in error as much as several orders 
of magnitude for low loss materials, and that one of 
these equations for y’ is in error as much as an order 
of magnitude for high loss materials. 

The use of the permeameter makes the measure- 
ment of many magnetic materials possible in the 
frequency range of 0.1 to 50 Me/s. These results are 
not readily obtained using other techniques. 


1 See appendix A for a description of the rf permeameter. 
? Figures in brackets indicate the literature references at the end of this paper. 





resulting equations are valid for all values of uw’ and 
paper. 
compared with those calculated from previous equations, 
differing as much as several orders of magnitude, are 
quency range from 0.1 to 50 Me/s and a tan 6 range from 0.0005 to 5 are 


Values of wu’ and tan 6 calculated from these 
and these 
shown graphically. A fre- 
covered. 


2. Derivation of the Exact Equation 


A brief derivation of the permeameter equations 
for uv’ and tan 61s given in eqs (1) through (11). The 
rf permeameter is an impedance transformer and can 
be represented by the T—network shown in figure 1. 





—Ci} 











Figure 1. Equivalent T-network for rf permeameter 


Z2(Zoe+Zz) 
ZatlotZe 
where Z,, Zs, and Ze are the impedances * of the 
arms of the T-network, and Z, is the impedance 
added to the secondary. If the input impedance is 
measured with three different known values of Z;, 
an equation for any unknown Z, may be derived 
eliminating Z,, Zs, and Ze, the source of error in 
previous derivations. Let the input impedance be 
measured using the following definitions: 


Zat 


The input impedance is %, 


Z,=Z when the secondary is open; Z,= ©. 

Zo=Zm, when the secondary is closed without a 
sample enclosed; Z,=0 (this corresponds to the 
output terminals being shorted in fig. 1). 

Zp =Zm, When the secondary is closed with a known 
or standard impedance sample enclosed; Z; 
=Z,;, where Zs is the impedance of the standard 
sample minus the reactance of the space it re- 
places. 


3 The impedance due to the shorting plate is included in Zc. 





Zi, When the secondary is closed with an un- 
known sample enclosed ; Z7,=Z,, where Z, is the 
impedance of the unknown sample minus the 
reactance of the space it replaces. 

When a sample is enclosed in the secondary to 
measure Z, or Z,., it is assumed that there is negligible 
direct coupling with the primary and that there is no 
significant change in the distributed capacitance of 
the secondary. If there is no measurable change in 
Z, when a sample is placed in the open secondary, 
then the coupling and change in distributed capac- 
itance are negligible. 

Expressing the input impedance in terms of Za, 
Zp, Zc, and Z, gives 

Z,=R,+jol,=Z44+Zz, 
Zale 


Zo Ke Zp T a 


T gol ba ca 


Z3(Zco+Zs) 


* ZetZetZs 


R Zat 


Z2(Zet+Zu) 


Z,=Rhy+-joly=Z.4 ZatLotZy 


From these equations the unknown unpedance, 
, may be written 


Ly 


(5) 


The product of the first two factors on the right is a 
constant for a permeameter at a give n frequenc’ y. 
Defining this complex calibration constant as w(x+jy) 
we have 


w(z+jy)=Zs ( : a 


By substituting (6) into (5) and expressing Z, in 
terms of uv’ and tan 4, (5) becomes 


Z, —Zo\, 


wh ju’ tan 6 +-7y) (7— —— 
1 


+j(u’ —1) 


where L,=equivalent air induct ance of the sample.‘ 
Solving (7) for uw’ and tan 6 gives 


(7) 
=~) 


oa (wh)? 


Ag ost te 
(r y)B 1A 








X(height in meters)XIn(outside diameter/inside diameter)X10-7 


» double subscripts denote differer 


| 


ices, for example Rna=R;—-Ri, Lra= ly 
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where 


A=RypRpA 
B= wL oR p 


wLabm 
wl aR so. 
The calibration constants z and y may be expressed 


in terms of yw’ and tan 6 of the standard core. Zs 
may be written 


Zs 


; 


whias[u, tan 6,4+9(u,—1)). 
Then from (6) we have 

L. [E(u 1)— Fu; tan 6,] 

(R po)? + (whip)? 

«r F (yl 

y E(u 

E R, ht, it w*L, y 0 

F= wb oR py—olby i R yo. 


+ Ful tan 6, 
-1)\—Fyi tan 6 
where 


Primed subscripts and quantities with subscript s 
refer to the standard of known impedance. 

Assuming that the load impedance does not change 
the characteristics of the T-network, these equations 
should be exact for all values of uv’ and tan 6. The 
accuracy of the resulting answers appears to be 
limited only by the accuracy of the device used to 
measure the input impedances, the reproducibility 
of the secondary “‘short,”’ and the accuracy of the 
standard impedance 7s. Reducing errors due to the 
impedance measuring device has been discussed in 
the literature [1, 3]. 

The present secondary shorting arrangement is 
silver-to-silver surface contact formed under high 
and relatively evenly distributed pressure exerted 
by a cap which is screwed onto the permeameter 
(fig. 2). This arrangement yields a contact resistance 


Ficgure 2. An rf permeameter showing silver to silver contact 


surfaces. 





which is reproducible to a precision approximately | 
equal to or greater than that of the impedance meas- | 


uring devices presently used. The error introduced 
by « alibri ating the permeameter with a known im- 
ped: ince may be minimized by choosing the proper 
calibration core. 


3. Approximate Equations for Low Loss | 


Samples 


The working eqs (8) through (11) can be simplified 
considerably for low loss samples. 
mate equations are also useful in determining the 
desired characteristics of a standard calibration core. 
Equations (8) through (11) may be expressed in 
terms of resonating capacitance and Q by letting 


wl, R, (/ wlio PR, (y wl, R, Cy wly R, 


] w*Do ( f ] wl, ( ‘" ry w Ly. 


If the assumption is made that the square of each 
(@ is much greater than one, that is 
>1 QQ? 


>1, 


rt 


and that tan 6<1, then (8) and (9) 


reduce to 


where B/A reduces to 
I 


; Re 
A 


iin 


Ryo 
aby 


Cy 
Ch 


and (11) reduce to 


Cor 
@: 


Y 
Oo 


Q, 


| Cp 
es a 


os 
Also (10) 


Y | 
Oo Cie | 


Y 


Ly 


-1) D4; 
‘ . 


y=(us- =(u,— 1) Las (10a) 


1 Cor 


; Care 
, tan 6,+7 


where F'/E reduces to 


F : Ry 


a R po 
gs 


C, Cor 


Gt 


ie or’ QV; 


On 
Yo 


_ Cu 
Qs 


The results from (Sa) through (lla) agree with 


the results from (8) through (11) to better than 
percent for the NBS permeameters, provided that 


wiry whips. 


These approxi- | 


(11a) | 
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tan 6<0.1. In part 4 it is suggested that the cali- 
bration core have a low loss. The calibration 
constants z and y may then be calculated from (10a) 
and (lla). 


4. Reference Sample or Calibration Core 


The reference sample presently used at the Na- 
tional Bureau of Standards to find the calibration 
constants z and y is a stable low loss powered iron 
carbonyl SF core. The most accurate determination 
of y can be made if the calibration core is machined 
to have an ZL, such that either Ly)/Lop or Cy 1/Cor 
in (10a) approaches unity, depending on whether 
inductance or capacitance measurements are being 
made. Since y and ©,/C,; do not change greatly 
over the frequency range of 0.1 to 50 Me/s, one cali- 
bration core may be cut to have an L, that will be 
near optimum for calibration over this frequency 
range. 

The most accurate determination of z/y may be 
made by using a core with the lowest possible value 
of tan ds. The value of z/y for the National Bureau 
of Standards permeameters is of the order of 0.01. 
Examination of (lla) shows that if tan és is much 
less than 0.01, say 0.0001, z/y is approximately in- 
dependent of tan és in which case z/y~ F/E and only 
an approximate value of tan és need be known. 
Therefore, the permeameter may be calibrated with 
a minimum of error by choosing a very low loss 
material having a permeability that is stable with 
time and temperature and having an optimum value 
rt 

The permeability uj and loss tangent tan 6, of the 
SF calibration core were determined in the frequency 
range of 1.0 to 50 Me/s as follows. The core was 
measured in demountable coils and coaxial lines 
below 1.0 Me/s on a Maxwell-type bridge and in 
variable length re-entrant cavities above 50 Me/s. 
The remained constant from 0.1 to 100 Me/s. 
To obtain a curve of tan ds between 1.0 and 50 Me/s 
the curve above 50 Me/s was extended down and the 
curve below 1 Me/s was extended up to make a 
smooth transition as shown in figure 3. 

From (8a) and (10a) it can be shown that any 
error, Ay;, in uw, will produce an error, Au’, in the yp’ 
of any measured sample of an amount 


1 
Ap’ =Ay’ rel —e 
" er 


(12 
oe 12) 


The percent error in y’ is approximately equal to the 
percent error in yj. 

Likewise it can be shown from (9a) and (11a) that 
any error, A tan és, in tan és will produce an error, 
A tan 6, in the tan 6 of any measured sample of an 
amount 


A tan 6=A tan 6, =. = -_ (13) 
pel 





Therefore if a more accurate determination of yu; and 
tan ds is made later, the uw’ and tan 6 of previously 
measured samples may easily be corrected using 
(12) and (13). 


5. Q-Meter Measurements 


Since the permeameter is often measured on a (Q- 
meter, it is of value to note that most of the correc- 
tions to the measured Q and C due to residuals in the 
(-meter cancel out when using (Sa) through (11a). 
A ()-meter circuit including the residuals R,,, L’, L,. 
and 2, is shown in figure 4. The effective Q, Q,, and 
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FIGURE 4. Q meter approximate equivalent measuring circuit. 
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| terms of the 


the effective capacitance, C,, can be expressed in 
indicated 4, Q;, and indicated capaci- 
tance, (;, 


as 


(14) 


QI —wLnC;) 


; ; 15 
w0.Q:(Rnt+Ro) (15) 


wh C; 
where 
L.=L'+L, 
and 
(wh. 
w*( PR 


; 1)? 
Ro ; 


In obtaining (14) and (15) it is assumed that 


pref tees). 


wl 


If each capacitance in (8a) and (10a) is replaced by 
the corresponding corrected expression from (14), 
the resulting equation for u’—1 is identical to (Sa) 
in which indicated values capitance are used. 
The corrections cancel. 

If each capacitance and @ in (9a) and (11a) is 
replaced by the corresponding corrected expression 
from (14) and (15) the resulting expression for tan 6 


becomes 
. xr 
tan o ( — 
Y 


a correction term which becomes signifi- 


about 10 Mes. 
a Gg, { Cy 
K=6°L lacs g, * } 
Ole Cle. Cae a7 
spice inal : a 


of 


(16) 


where & is 
cant above 
CL n 

(Qo 


CL 
Q, 


\ 
do 


Each Q and capacitance in (16) and (17) is the 
indicated value as read on the Q-meter. Note that 
L, is the only residual appearing in the correction 
term. The corrections due to L’, R,,, and PR, cancel. 
Tan 6 may be corrected either with (17) or by cor- 
recting each indicated Q with the expression 


or C'py 


( 
. a 4 


and using these corrected values of Q in (9a) and 
(lla). 


6. Comparison With Previous Permeameter 
Equations 


The following eqs. (18) through (24) have been 
used in the past to evaluate uw’ and tan 6 from perme- 


| ameter data using the (-meter. 


From circuit (a) and assumptions 1, 2, and 3 
(fig. 5) Haas [1] derived (18) and (19). 





Since assumption 3 is not valid when measuring 
relatively high loss samples, Rasmussen and Hess [4] 
| derived (22) through (25), using circuit (c) and 


ap CC [ (S: C20, ¢ (0 C20, y] | assumptions 1, 2, 4, and 6. 
an 6=—, " ya 3 
Ce LCLNG, Cid, 1 \Qo CiQ, 


(19) 


(18) 


Because (19) becomes negative when measuring 
relatively low loss materials, McKnight [2] derived 
(20) using circuit (b) and assumptions 1, 2, and 3 


BAT, G l Ce. £& 
tan 6 - ——! }- o_. =I | (20a) 
On Q,; Q 7 01 ( a Q; ) { 


Equation (20a) reduces to (19) plus 2/Q; tan 6 


where 


24 


tan 6=tan 6,9) +2/Q). (20b) 
and 
In another attempt to correct the error of (19), Ma 
Rasmussen, Enfield, and Hess [3] derived eq (21) = 


CL yn 
from circuit (c) and assumptions 1, 2, 3, 4, and 5. D Co 


In the primary section the losses of the winding were Uy 
separated from those of the material. ‘Tan 6 1s here n Cn-+(F Q, &: ) 
defined as p’’/u’, not as u’’/(u’—1) as was done in 
[1] and [2]. : ; : 
A number of samples with losses ranging from 
,Re\ p’—1 21 0.0005 to 5.0 were measured in the permeameter 
Y.) + \S8) and the resulting data evaluated using eqs (8) and 
(9), and (18) through (23). The resulting values 
area of uw’ and tan 6 for 5 of these samples are shown in 
® Subscripts on tan 4 refer to equations giving the associated expression for . , sane , s : . 
tan 3. figure 6. Also included are yw’ and tan 6 as measured 
in a coaxial line. Below 15 Me/s, samples F3, P1, 
and P2 could no longer be measured in the coaxial 
line because of their low resistance.’ To increase 


ne Ru the resistance to a value within the limits of the 

L a ly measuring system, the volume of the material was 

increased by adding a number of cores of the same 

wee material to the coaxial line. In this way an average 

‘ Ry value of tan 6 for each material was obtained at 

ev several frequencies below 15 Me/s. These results 

i are in close agreement with tan 6 obtained by measur- 

ing individual samples in the permeameter and 

evaluating the data with eq (9), the exact expression 
for tan 6. 


R R . . . . . 
: Y | Astudy of the results from the different equations 
7 E 3: | (with p’ ~ 4 to 4,000 and tan 6 ~ 0.0005 to 5.0) 
ae | shows that the equations may be used within the 


following limitations: 

(1) Equation (18) can be used for all values of yu’ 
provided tan 6 does not exceed approximately 0.1. 
RP << wt? | For tan 6 greater than 0.1, (18) gives values for u 
RS << w* lL? | that are too high. 

(RotRy)* << FiLatly 2) Equation (22) gave correct results for y’ in 
(Rp/ Kel | | the range of uw’ and tan 6 studied. (u’ ~ 4 to 4,000 
Pp | ns ~ 
| and tan 6 ~ 0.0005 to 5.0). 
(3) Equations (19), (20), (21), and (23) can be 
| used for tan 6 in the : approximate range of 0.1 to 1.0, 
with the exception of (23) which can be used up to 
| at least 5.0. 


tan 6 ( tan bi19 














ASSUMPTIONS 


2(Rp/Xp) TAN 8119) << | 
2(Rp/Xp) TAN 8 a4) << | 


Figure 5. Circuits used and assumptions made in deriving 
equations (18) through (24). 


| 
} 
} 
R, and X;, are the series resistance and reactance of the primary material. be enieate The equivalent series resistance of the sample is wy’ L, tané. 
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Ficure 6. Three ferrite samples (F1, F2, and F3) and two powdered iron samples (P1 and P2) measured in rf permeameters 
on a Maxwell type bridge (0.1 to 2.0 Mc/s) and on a Q meter (1.0 to 50 Me/s 
rhe datafwere evaluated using the different equations discussed in the text. The coaxial line values below 2.0 Mc/s were found by filling a coaxial line with a 


nun ber of like ee + s and obtaining a value of yw’ and tan 6 for the group representing the average of the values for the individual cores, (Typical) sample size: OD = 
00, »=(0.60, H=0.16 inches.) 
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(4) The exact equations (8) and (9) can be used 
uw’ ~ 4 to 4,000 and tan 6 & 0.0005 to 5.0. 
(5) The approximate eqs (8a) and (9a) agree with 
(8) and (9) to better than 1 percent for tan 6 < 0.1. 


The authors thank Mr. W. 


the many measurements and calculations. 


7. Appendix A. Description of the RF Per- 
meameter 


The rf permeameter is an impedance transformer. 
It has a wound powered iron or stable ferrite toroidal 
core as a primary and a coaxial shorting enclosure as 
a secondary which envelops both the primary and a 
toroidal test sample core in such a manner that the 
magnetic field is concentric with the coaxial struc- 
ture. Primaries, provided with connectors for ter- 
minals at one end of the enclosure, have different 
input impedances depending upon the frequency of 
interest and cover a range of at Jeast 20 ke/s to 50 
Mc/s. The core to be tested is inserted into the 
permeameter secondary where it is surrounded by a 
nearly uniform current sheet. Relatively small im- 
pedance changes in the secondary are easy to detect 
at the input to the primary. Because the form of 
the test core is toroidal, corrections for demagneti- 
zation effects are not necessary. 

In making measurements, the primary of the 
yermeameter is placed in an arm of an impedance 
fies or across the terminals of a Q meter. The 
input impedance of the primary of the permeameter 
is measured, first with permeameter secondary open, 
second with permeameter secondary shorted without 
a sample, and third with permeameter secondary 
shorted with either a standard or unknown sample 
enclosed. From these data, the initial permeability 
(u’) and the dissipation factor (tan 6=y’’/u’), i.e., 
the reciprocal of the Q of the material, are derived. 


| where 
for values of v’ and tan 6 at least within the range of | 


A. Pittman for making | 


| results 


| ring enclosed were too low for 


8. Appendix B. Accuracy Check Using | 


Metal Rings 


At radiofrequencies a metal ring or toroid has an 
impedance which can be calculated from its physical 
dimensions and the resistivity of the metal. Such 
a ring would be an ideal standard of impedance for 
calibrating the permeameter provided that the im- 
pedance of the rmg was within the impedance range 
of the permeameter. It can be shown that the 
inductance and resistance of a metal ring at radio- 
frequencies are 


OD—s 


L ID+é6 ot 


=! in 


2(H—6) In * henry (26) 


OD— 
ID- 


4. (H—8)(OD+ID) ™ 
tT (@D—8) UD+4 5) wae 


(27) 
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/p10° 
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V » skin depth in cm, 


8 
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resistivity, 2 cm, 


f 


OD, ID, H 
height in em. 

Several brass and copper rings were made and used 
in an attempt to calibrate the permeameter, but the 
lacked precision. The impedance of the 
metal rings and the Q of the permeameter with a 
accurate determina- 
tion of the calibration constants z and y. 


frequency in cycles/second, 


outside diameter, inside diameter, 
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Figure 7. Resistance and inductance of a brass (BR1) and a 
copper (CU5) ring as measured in a demountable coil and in 
the permeameter. 


The solid lines are calculated from equations (26) and (27). 





It was decided that the metal rings would not 
make good calibration cores, but that they could be 
used to check the accuracy of the permeameter when 
using the exact equations. Figure 7 shows the re- 
sults of the measured values of inductance and 
resistance versus frequency of two brass and two 
copper rings of different size. The rings were meas- 
ured in the permeameter on a Maxwell-type bridge 
from 0.1 to 1.0 Me/s and on a Boonton Q meter 
260—A from 1.0 to 50 Me/s. The SF core described 
in part 4 was used as the calibration core. The 
data were evaluated with the exact equations in the 


form 
x+y ( 


The rings were also measured in a demountable 
coil [5] from 0.1 to 1.0 Me/s on the Maxwell type 
bridge to compare the results of the permeameter 
and demountable coil with each other as well as 
with the results from (26) and (27). 

As figure 7 shows, the results of the permeameter 
are in complete agreement with that from the de- 


(28) 


R—jul=ule+ jy) (2=2) 


Z,—2 


| 


mountable coil and from (26) and (27) within the 
precision of the measuring devices. The precision 
obtained for both the permeameter and the de- 
mountable coil is approximately 20 ph for L and 
0.02 mQ for R from 0.1 to 1.0 Me/s on the bridge. 
The precision obtained from the permeameter on the 
Q-meter is approximately 50 ph for Z and 0.1 mQ 
for FR. 
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Elastic constants of rutile (TiO,), J. B 
W. KE. Tefft, and D. G. Lam, Jr., J. Research NBS 66A 
(Phys. and Chem.) No. 6, 465 (Nov.—Dec. 1962) 70 cents. 
The six elastic constants (and six elastic compliances) of 
rutile were determined in the kilocycle per second frequency 
range by a resonance method. The standard deviations 
range from 0.2 percent for s,,; to 4.3 percent for 8). 
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Reaction of hardened portland cement paste with carbon 
dioxide, C. M. Hunt and L. A. Tomes, J. Research NBS 66A 
(Phys. and Chem.) No. 6, 473 (Nov.—Dec. 1962) 70 cents. 

The effect of age, water-cement ratio, »ad evaporable water 
content on the reaction of hardened cement paste with carbon 
dioxide was investigated, using small cylinders of cement 
paste. The rate and extent of the reaction are subject to 
manipulation by varying the evaporable water content of the 
paste. Pastes of different age and water-cement ratio tend 
to dry at different rates, and this tendency exerts an important 
indirect effect on carbonation. 

According to the CO,-H,.O stoichiometry of carbonation, 
other phases can react while calcium hydroxide is still present, 
but the possibility of preferential attack on calcium hydroxide 
at low levels of carbonation should be considered. Water- 
cement ratio, particularly when the paste is very dense, may 
make a difference in the relative accessibility of different 
phases to carbon dioxide. 


Reliability of a system in which spare parts deteriorate in 
storage, G. H. Weiss, J. Research NBS 66B (Math. and Math. 
Phys.) No. 4, 157 (Oct.—Dec. 1962) 75 cents. 

The problem which we consider in the following paper is the 
calculation of the lifetime statistics of a component with n 
spares with the proviso that redundant elements can fail in 
storage. It is assumed that failed components are instan- 
taneously replaced. Similar models have been considered 
before in the literature, particularly by Proschan and col- 
laborators, who were interested in determining the optimal 
spare parts kit for a system of components in series, given a 
fixed amount of capital to provide the spare parts. If it is 
assumed that components do not deteriorate in storage then 
the calculation of the distribution of time to failure is simple 
since it is just the sum of individual failure times. In the 
present situation the calculations are somewhat more com- 
plicated, and we have only succeeded in finding a solution 
when the reliability functions for on-line failures and for in- 
storage failures are exponential. In other cases we prescribe 
algorithms for the solution. 


A model for the viscoelastic behavior of rubberlike polymers 
including entanglement effects, R. S. Marvin and H. Oser, 
J. Research NBS 66B (Math. and Math. Phys.) No. 4, 171 
(Oct.—Dec. 1962) 75 cents. 

A model representing the mechanical response of a rubberlike 
polymer is derived, using the same molecular concepts of 
entropy elasticity and a viscous parameter expressing inter- 
actions between polymer molecules employed by Rouse, 
Bueche, and Zimm in their molecular theories. Since the 
model developed here represents the mechanical response of 
a chain, rather than the chain itself, it can be modified more 
easily than these strict molecular theories to include effects 
due to entanglements between chains which modify the 
character of the viscosity-molecular weight relationship at a 
critical molecular weight. 

This modification is introduced, the results for both steady- 
state and transient response functions are calculated, and 
these results compared with experiment for the “Standard” 
polyisobutylene. The agreement indicates that the same 
“entanglements,’’ whatever their precise nature, are respon- 
sible for the proportionality of viscosity to M3.4 for a high 
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molecular weight polymer, the equilibrium compliance, and 
the pseudoequilibrium compliance at intermediate times or 
frequencies. 


RF impedance probe measurements of ionospheric electron 
densities, J. A. Kane, J. E. Jackson, and H. A. Whale, J. 
Research N BS 66D (Radio Prop.) No. 6, 641 (Nov.—Dec. 1962) 
70 cents, 

The Aerobee-Hi rocket NASA 4.07 obtained vertical electron 
density profiles in the ionosphere simultaneously by the Sed- 
don CW propagation technique and by an RF impedance 
probe technique. The experimental goal was to assess the 
performance of the RF probe against the accurate values from 
the CW method. In the RF probe method, the electron 
density N was derived from the dielectric constant K of the 
medium at a frequency /==7.75 Me/s. If the earth’s magnetic 
field is neglected, the relation between these quantities may 
be given as K=1—(81N/f?). An expression for the dielectric 
constant including the effects of the earth’s magnetic field is 
derived. The fractional error introduced by neglecting the 
earth’s field is of the order of (fg/f)? where fy is che electron 
gvrofrequency. 

It was concluded that, with allowance for the positive ion 
sheath around the rocket, the RF impedance probe can yield 
reliable values of electron density. These values were ob- 
tained from changes in the capacitive part of the probe’s 
impedance. Small, apparently anomalous changes in the 
resistive part were also observed. 


On the geometrical optics of curved surfaces with periodic 
impedance properties, C. J. Marcinkowski and L. B. Felsen, 
J. Research NBS 66D (Radio Prop.) No. 6, 699 (Nov.—Deec. 
1962) 70 cents. ; , 

In a previous publication, a two-dimensional Green’s function 
has been derived for a circular cylinder whose surface imped- 
ance around the periphery deviates from a constant value 
by a sinusoidal variation of small amplitude a. Here, this 
solution is evaluated asymptotically in the illuminated region 
under the assumption that the cylinder radius is large com- 
pared with the wavelength of the incident field. The asymp- 
totic result is interpreted in terms of geometrical optics gen- 
eralized to apply to cylindrically curved, convex reflection 
gratings, and comprises the first and higher order diffracted 
rays associated with a plane grating, together with geometrical 
divergence coefficients accounting for the surface curvature. 
General properties of the spectrum of reflected rays are ob- 
served. The behavior of the first-order diffracted rays, and 
in particular their domain of existence as a function of sur- 
face periodicity, is discussed in detail. 


On the limitatiens of geometrical optics solutions for curved 
surfaces with variable impedance properties, C. J. Marcin- 
kowski and L, B. Felsen, J. Research NBS 66D (Radio Prop.) 
No. 6, 707 (Nov.—Dec. 1962) 70 cents. 

In the preceding paper, the authors have presented an asymp- 
totic solution for the field in the illuminated region of a large 
circular cylinder whose surface impedance around the _pe- 
riphery deviates from a constant value by a sinusoidal varia- 
tion of small amplitude a. To O(a), the reflected field com- 
prises a specularly reflected ray and two first-order diffracted 
rays characteristic of a curved convex reflection grating. If 
the surface impedance varies ‘“‘slowly,’’ these three rays can be 
combined into a single specularly reflected ray having a reflec- 
tion coefficient which depends solely on the local impedance 
at the reflection point. The “slowness’’ conditions necessary 
for the validity of this local reflection principle of geometrical 
optics are investigated and interpreted in physical terms. 
The results are presented in a manner which suggests their 
applicability to general, gently curved surfaces with slowly 
varying impedance properties. 





Chemistry of cement. Proceedings of the fourth interna- 
tional symposium, Washington, 1960, VBS Mono, 48, Vol. I 

31, 1962), $5.75; Vol. II (Sept. 27, 1962), $5.50. The 
two volumes are available at $11.25 a se 
This Monograph contains the complete texts of 
Fourth Internal Symposium on the 
Washington, D.C., October 
of the most com- 
subject, and presents 


two-volume 
all papers given at the 
Chemistry of Cement, held in 
2-7, 1960. The 
ple te refe rence 
the latest information in fields of cement chem- 
stry research Topics covered, divided according to session 
Volume 1, Chemistry of clinker, chemistry of hydra- 
1 of cement compounds, and chemistry of hydration of 
portl: ind cement; Volume II, Properties of cement paste and 
destructive 


additions 
and admixtures, anc 


publication 


works 


represents one 
available on the 


most of the 


concrete processes 1n Cor crete, chemical 


1 special cements 


Tables of Eisenstein functions. Vibrational contributions to 
the thermodynamic functions, J. Hilsenrath and G. G. 
gler, NBS Mono. 49 (July 12, 1962), $2.75. 

Tables are presented for the contribution of a harmonic 
— he free energy function, enthalpy function, 
entropy, an at capacity Dimensionless values 
of the ne instein functions are given as a function of 
He/} for X=0.0010(.0001 0.1500(.001 t.000(.01 
10 O0(.2) 16.0. A second table which gives the contributions 
in cal/mol K directly as a function of frequency yz, and 
temperature 7’, was computed using the values 1.43880 for the 
second radiation constant hc/k, and 1.98717 for the universal 

q latter table are 


100 em='! to 4000 


of gases 


gas constant R. The arguments for the 
spaced at 10 wave number intervals from 
cm 

Bibliography on atomic transition probabilities, B. \1. Glennon 
and W. Wiese, NBS Mono. 50 (A 1, 1962), 
\ bibliography on atomic transition probabilities is presented 
The papers are arranged according to elements and stages of 
ionization, and the method employed and class of transitions 
are indicated behind each reference Only articles on dis- 
crete transitions, both permitted and forbidden, are listed. 
Also included is a supplementary list of papers dealing with 
transition probabilities — a general point of view, a table 
howing the availability of numerical material on the indivi- 
1 a table of conversion factors 


35 cents. 


dual atoms and ions, and 


Systems of electrical units, F. B. Silsbee, NBS Mono 
Pel: pt. ZU, ] 162 , oU Ce nits, 


is systems of measurement, 


with their respective 
inits, used in the literature on electricity and magnet- 
described in detail. Their historical development. is 
rized. Che manner in which each is derived from 

two alternative points of view of the e xpe rimen- 
pared and contrasted. The 
ts of view in international 
discussing rationalization, 
is of the absolute measure- 
s are based is reported, and 
d for the nversion of ¢ juations and 


he + shonin is com 
desirability of recognizing both poir 
standardization, particularly wher 
is pointed out The present stat 
all electrical unit 


ments or hich 


e inclu 


tables ar 


another 


de 
numerical values from one system to 


A survey of the techniques for measuring the radio refractive 
index 9 R E MeGavin, NBS Tecl Vote 99 Vay 1962) 30 
lhe radio refractive index can be measured either directly or 
The former method is utilized by radio frequency 
refractometers; the latter methe 


indirectly 
involves measurement of 
and humidity and conversion to refrac- 
In terms of convenience and accuracy the direct 
however, lack of the universal use of re- 
fractometers requires the use of weather service type of data 
for the bulk of refractive index structures. Meteorological 
sensing is limited mainly by the inaccuracy in measuring 
humidity which under ideal conditions appears to limit the 
accuracy to LON Gradient measurements utilizing radio- 
reflects an accuracy no better than + 3 N units. 
Radio frequency refractometers are capable of accuracies as 
much as an order of magnitude better than that achieved by 
meteorological Lightweight refractomenters have 


been devised for balloon-borne and dropsonde measurements 


temperature, pressure 


tive index 
method is superior; 


sonde Ss 


sensors. 


reflecting accuracies inferior to the conventional refractometer 
but superior to the radiosonde 


A tabulation of the thermodynamic properties of normal hy- 
drogen from low temperatures to 540 °R and from 10 to 1500 
psia, Supplement A (British units), J. W. Dean, NBS Tech. 
Vole 120A (June 1962 
Pressure, volume, temperature, 


and entropy of normal 
U 


4 cents 

internal energy, 
hydrogen gas have been 
along isobars in 2 °R temperature steps. The r 
is from the saturation temperature to 540 °R 
pressure of 10 to 1500 psia. The source of data is Research 
Paper 1932 of the National Bureau of Standards Journal of 
Research. The method is described by which the data pre- 
sented in Research Paper 1932 is reduced to properties di- 
rectly useful for engineering calculations \ method is also 
described for estimating the effects of ortho-para compositions 
upon the tabulated properties 

Tabular values are presented in the dimensional units of the 
British system. The tabulations are also available in the 
dimensional units of the metric Technical Note 


No 120. 


enthalpy, 
tabulated 
‘ange covered 

and from a 


System as 


General characteristics of linear strain gage accelerometers 
used in telemetry, P. 8. Lederer, NBS Tech. Note 150 (June 
1962) 40 cents 

This paper presents a summary of pertinent 
theoretical and experimental, on the design 
performance capabilities and limitations of strain gage ac- 
celerometers used in telemetry Properties and character- 
istics of unbonded and bonded types of strain gage accelero- 
meters are discussed. 


information, 
characteristics, 


A general survey of the semiconductor field, G. W. 
VBS Tech. Note 153 (Aug. 1962) 30 cents. 

This survey presents a listing of some of the properties and 
applications of a number of single-element and binary com- 
pound inorganic semiconductors. Brief mention is made of 
other types of semiconductors (ternary compounds, mixed 
crystals, alloys, ferrites, and organics). The toxicity prob- 
lem presented by many semiconductors is noted. 


teimherr, 


The thermodynamic properties of helium from 3 to 300 °K 
between 0.5 and 100 atmospheres, D. B. Mann, NBS Tech. 
Note 154 (Jan. 1962 
The specific volume, enthalpy, entropy, and internal 
values of helium are presented in tabular form 
of pressure and temperature 

Data are tabulated in one 
isobars between 0.5 
comparison with 
applicabl 

An expression Is presented which 
density-temperature surface 
data. 

The tabulation is presented in the dimensional units of the 
metric system, but is also available in the dimensional units 
of the British system (Supplement A). 


50 cents 

energy 
as functions 
degree Kelvin increments for forty 
atmosphere and 100 atmospheres. A 
previously published data is made where 


represents the 
based on previously 


pressure- 
published 


The heat capacity of diamond at high temperatures, A. C. 
Victor, J. Chem. Phys. 36, No. 7, 1903-1911 Apr. 1962) 
The enthalpy of gem diamonds has been measured from 273 
to 1073°K using a “drop’’ method and a Bunsen ice calorim- 
eter. The derived heat-capacity values, which are believed 
to be accurate to + 0.5 percent, are used to calculate the 
thermal functions of diamond above 298.15°K. Values of 
CY (harmonic) derived from the present investigation and 
recent measurements of the thermal expansion and the elastic 
constants of diamond are compared with theoretical treat- 
ments. Reasonably good agreement in the temperature range 
of this study can be obtained with a single Debye function 
(89p=1860) obtained from the measured elastic constants. 
Extrapolation of the data gives 0.4 = 1880+ 10. 


Millimeter wave techniques, W. Culshaw, Book, 
Electronics and Electron Physics XV, 197-263 
Press, Inc., New York, N.Y., 1961 

The importance of millimeter waves both in research and in 
technology is outlined, and the difficulties experienced in the 
exploitation of these short wavelengths are made evident. 


Advances in 
(Acade mic 





Considerable attention is given to transmission and measure- 
ment problems, since conventional waveguide methods have 
serious limitations at short mm wavelengths. Optical and 
quasi-optical methods are discussed, and applications of mm 
wave interferometers and a mm wave spectrometer are 
considered and diffraction effects treated in detail. The 
great potential use of the mm wave Fabry-Perot interferom- 
eter in precision measurements, and in maser research is made 
evident. Total reflection phenomena at mm wavelengths are 
presented and applications such as attenuation standards, 
phase changers, and polarizers are discussed. A re-entrani 
biconical spherical resonator is considered for operation at 
mm and sub-mm wavelengths, at high orders of interference 
Expressions for the Q and shunt impedance are given, and 
results indicate that it could have direct application to the 
mm wave generation problem, and to solid state research at 
these wavelengths. Finally some practical aspects of mm 
wave detection and possible levels of sensitivity are given, 
together with some concluding remarks on millimeter wave 
research, 


Plastics, G 
229 (1962 Ed.). 
The article currently published in the Encyclopedia Americana 
has been revised and expanded to include new developments 
in materials, processes, and applications. New sections have 
also been added on stereospecific polymerization, irradiated 
plastics, and graft and block copolymers. 


M. Kline, Encyclopedia Americana XXII, 221 


The influence of temperature and pressure on the rheological 
properties of polymers, R. 8S. Marvin, J. Japan Soc. Testing 
Materials, Rheology Issue 11, 303-307 (May 1962). 

The influence of temperature and pressure on viscosity and 
their corresponding influence on time dependent rheological 
properties is reviewed in terms of the free volume theory. 
Measurements obtained at the National Bureau of Standards 
on the effect of pressure on the dynamic bulk nodulus of 
natural rubber and poly(vinyl acetate) are used to illustrate 
the usefulness of the free volume concept and to give some 
clues as to its validity The results for natural rubber seem 
to agree very well with the predictions of the free volume 
theory; those for poly(vinyl acetate) show an unexplained 
discrepency ,which indicates the need for further studies of 
other polymeric systems. 


Extension of the Flory-Rehner theory 
anisotropic system, 8S. D. Bruck, J. 
(Dec. 1961 

The Flory-Rehner treatment of isotropic swelling of cross. 
linked amorphous networks has been modified to apply 
to oriented, semi-crystalline structures. The new parameters 
introduced can be readily determined from the dimensional 
changes of small fibers in a suitable solvent 
using a microscope equipped with a micrometer eyepiece or 
with a photomicrograph assembly. Unlike other methods, 
this technique enables the attainment of swelling equilibria 
usually within 30 minutes. Preliminary experiments con- 
ducted on a series of crosslinked fibers substantiate the 
validity of this modification of the Flory-Rehner equation. 


of swelling to an 
Polymer Sci. 55, 29-31 


segments of 


The international standard of light, R. 
Am. 52, No. 7, 826 (July 1962). 

In 1931 Wensel et al., reported the practical realization of the 
suggestion, made in 1908 by Waidner and Burgess, that a 
blackbody radiator at the freezing point of pure platinum be 
used as a standard of light. Subsequently such a standard 
was adopted internationally, effective January 1, 1948. 
From 1957 to the present time investigations of factors 
affecting the reproducibility of the standard have been 
conducted at the National Bureau of Standards. The 
previous work was extended to include crucibles and sight 
tubes of different dimensions and immersed to various depths, 
and the use of various freezing patterns. The application of 
corrections for the necessary viewing aperture, for the 
temperature drop in the walls of the sight tube, and for the 
unimmersed portion of the sight tube, enable us to evaluate 
the ideal blackbody radiator from observed values obtained 
with practical radiators. Appropriate modification of the 
freezing pattern yields improved precision. It is found that 
the standard is reproducible to well within 0.1 percent. 


P. Teele, J. Opt. Soc. 
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It is planned to present a complete discussion and results in 


the Journal of Research of the NBS. 


Polymer degradation (by heat, oxidation and radiation), in 
unsolved problems in polymer science, L. A. Wall, ASD 
Tech. Re port 62-288, pp. 32-36 (Mar. 1962). 

The Committee of Macromolecular Chemistry of the National 
Academy of Sciences—National Research Council has 
requested this Survey of the Problems in Polymer Degrada- 
tion, 


Infrasonic pressure waves associated with magnetic storms, 
P. Chrzanowski, J. M. Young, G. Greene, and K. T 
J. Phys. Soc. Japan 17, Suppl. A-II, 9-13 (1962). 
Pressure waves with predominant periods between 20 and 80 
seconds and amplitudes up to 8 dyne/cm? have been recorded 
with a quadrilateral microphone array near Washington, D.C., 
during intervals of high magnetic activity. These waves 
have a trace velocity along the earth’s surface higher than the 
local speed of sound and show diurnal-directional properties 
consistent with a source on the night side of the earth. A 
high degree of association with large values of the planetary 
magnetic index K, hs been established. 


. Lemmon, 


Characterization of textile yarns for use under ballistic im- 
pact conditions, J. C. Smith, Proc. Symp. Personnel Armour, 
U.S. Naval Research Laboratory I, 1-21 (Oct. 4-5, 1961) 
This paper shows how textile materials for personnel armor 
can be selected using criteria derived from theories on trans- 
verse impact of long textile yarns. These theories introduce 
the concepts of longitudinal and transverse critical velocities 
defined as velocities just sufficient to cause immediate rup- 
ture in a yarn struck transversely or impacted in tension. 
An extension of the theory shows that the longitudinal and 
transverse critical velocities of a textile yarn depend upon 
the shape of its stress-strain curve, and are greatest when the 
curve is linear. An expression is derived for the initial rate 
at which a yarn absorbs energy from a projectile impacting 
it transversely. Arguments based on this expression suggest 
that a yarn most suitable for use in personnel armor should 
have a high transverse critical velocity and a high breaking 
tenacity. 

Critical velocity estimates are calculated for some textile 
yarns using stress-strain data obtained at impact 
near 45 m/sec. The longitudinal critical velocities range in 
value from 165 m/sec for acetate yarn to approximately 300 
m/sec for some vinal, rayon tire cord, acrylic and nylon yarns. 
Transverse critical velocities for these materials are two to 
three times higher. 


speeds 


Effect of gamma radiation on chemical structure of plastics, 
V. J. Krasnansky, M. 8. Parker, and B. G. Achhammer, 
SPE Trans. 1, 133-138 (July 1961 

Twelve plastics representing various chemical structures 
were studied as part of a program to determine the utility 
of plastics as packaging materials in the high energy radia- 
tion preservation of food. The plastics were exposed to se- 
lected dosages of Cobalt-60 gamma radiation, in vacuum 
and in air. Gas evolution and changes in infrared spectra as 
a result of irradiation were used to hypothesize the relative 
stability of these plastics to irradiation. On the basis of these 
criteria it was found that plastics containing conjugated ring 
systems, ionic linkages, and chlorine in side groups were the 
most stable. 


Thermal degradation of polymers at temperatures up to 
1200° C, 8. L. Madorsky, Soc. Chem. Ind. Mono. No. 13, 60-7 
(1961). 

A study was made of the thermal degradation of polymers in 
a vacuum and in some cases in helium at atmospheric pressure, 


using 10 to 50 mg samples. Polymethylene, a noncrosslinked 
polymer, when heated for about half an hour in a vacuum or 
in helium at 500° C, vaporizes without leaving a residue. 
The volatile products consist of a series of saturated and un- 
saturated hydrocarbons of various molecular weights. At 
800° C and higher, pyrolysis gives similar results; however, 
the products are more fragmented, and the higher the tempera- 
ture and pressure the greater is this fragmentation. Poly- 
trivinylbenzene, which is a highly crosslinked polymer, and 
poly(vinylidene fluoride), which is one that develops cross- 





linkings during pyrolysis, both vield on heating in a vacuum 
at any pyrolysis temperature various volatile fragments and 
a more or less carbonized residue. Here too, as in the case of 
polymethylene, a higher temperature produces greater frag- 
mentation of the volatile products. The more volatile prod- 
ucts were analyzed by mass spectrometry, and the less volatile 
products were tested for their average molecular weight by a 
microcryoscopic method. Elemental analysis of residues were 
made by a microchemical method. 


analysis, L. 
(Intern. 


Charge-storage techniques for pulse-height 
Costrell and R. E. Brueckman, Nuclear Electronics 
fiomic Eneray Ii, 29—39 (1962). 

The low duty cycles of many pulsed accelerators make neces- 
sary high pulse rates within the bursts in order to accumulate 
adequate data in a reasonable time. Not only do economic 
factors, as influenced by expensive machine time, dictate the 
use high pulse rates, but purely technical considerations 
often make experiments unfeasible unless the pulses per 
burst are sO numerous as to exclude the use of conventional 
pulse-height analyzers. For these much effort has 
been devoted to development high speed pulse-height 
rs for use with pulsed accelerators. Much of this 
directed toward producing what we term a 
“charge-storage analyzer’? based on work conducted at the 
National Bureau of Standards. We have developed a charge- 
storage analyzer that is in operation with the NBS 180 Mev 
a nuclear absorption experiment for which 
formidable. The analyzer 


\ gency 


reasons 
of 
analyze 
work 


has been 


synchrotron on 
the obstacles would otherwise be 
uses temporary electrostatic storage for the accumulation of 
pulse-height data during the machine bursts. During the 
dead intervals between bursts the contents of the temporary 
analyzed and transferred into a convential mag- 
memory. The of this technique for nano- 
second pulses is discussed and data is presented to show its 
feasibility. 


storage are 


netic core 
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Glass Dewars for optical and other studies at low tempera- 
tures, L. J. Schoen and H. P. Broida, Rev. Sci. Instr. 33, No. 
4, 470-473 (Apr. 1962). 

\ small, rugged glass Dewar usin 
metal shield is described. This Dewar is relatively inexpen- 
to construct and to modify, stores helium with only a 
moderate loss rate, and can be adapted for a wide variety of 
low temperature experiments. Two other Dewars, in which 
vapor-cooled radiation shields replace liquid nitrogen cooled 
shields, also are described. Helium loss rates show that a 
l of liquid helium will keep these Dewars at 4°K for 


g a liquid nitrogen cooled 


Sive 


liter 
about 5 to 10 br. 

Distillation analysis, R. T. Leslie and E. C. Kuehner, Anal. 
Chem. Suppl 34, No. 5, 5OR-5ER \pr. 1962.). 

The world literature concerning laboratory distillation and 
related subjects that appeared in 1958-1959 is summarized. 
The survey covers the construction and testing of laboratory 
stills for use at atmospheric and low-pressure, and for micro- 
distillation. Applications to special problems, both organic 
and inorganic, discussed briefly, and theoretical and 
mathematical papers concerning column design and operation 
are mentioned. Studies of the vapor-liquid equilibria of 
azeotropic and nonazeotropic are summarized. 


are 


systems 


Displacement and strain-energy distribution in a longitudi- 
nally vibrating cylindrical rod with a viscoelastic coating, 
P. Hertenlendy, J. Appl. Mech. 29, Series E, 47-52 (Mar. 
1962 

\{ numerical solution by R. M. Davies of the Pochhammer 
frequency equation is used to determine the displacement 
and strain-energy distribution across the cross section of an 
infinite elastic circular cylindrical rod for a number of wave 
lengths of the first, second, and third modes of symmetrical 
longitudinal wave propagation. With these results the effect 
if a thin uniform layer of viscoelastic material is investigated. 
The four viscoelastic parameters of the coating are reduced 
to one in the definition and computation of upper and lower 
bounds of the loss factor, and the application of results to 
experimental work is discussed 

Catalytic effects of thermocouple materials, L. Olsen, SAE 
* Pape Vo. 4 24G, 70, No. 5, I4 Tay 1962). 
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It has long been recognized that under some conditions cer- 
tain noble metal thermocouples produce erroneous indications 
when immersed in gas streams containing oxygen and com- 
bustible gases. These errors have been shown to be caused 
by catalysis of the gaseous mixture on the surfaces of the 
thermocouple elements. The object of this investigation was 
to determine the magnitude of the catalytic effects of all of 
the commonly used thermocouple materials in lean mixtures 
of hydrogen, carbon monoxide, propane, and methane in air. 
The effects of catalysis were determined under three different 
experimental methods. 


Wires of platinum, palladium, iridium, platinum plus 15% 
iridium, and the two elements of the Platinel thermocouple 
weré found to catalyze the combustion of mixtures of hydro- 
gen, carbon monoxide, and propane in air. Combustion of 
methane-air mixtures was not initiated by these materials 
at temperatures up to 1800°F. Experiments with gold, 
silver, Chromel, Alumel, and constantan wires showed no 
catalysis of any mixture at temperatures of the wires up to 
1800°F. Base-metal thermocouples are therefore recom- 
mended for accurate determinations of temperatures of gase- 
ous mixtures containing combustible materials. 


Characteristics of some air-turbine handpieces, 1D. F. Taylor, 
R. R. Perkins, and J. W. Kumpula, J. Am. Dental Assoc. 64, 
No. 6, 794-805 (June 1962). 

A method and equipment were developed for the simultaneous 
measurement of the speed and torque of dental air turbine 
handpieces. The power output characteristics of several 
models of handpieces were studied under a variety of condi- 
tions. The effect of air pressure upon speed and torque, and 
some effects of instrument size and balance upon speed were 
investigated. Increased air pressure was found to increase 
both the maximum speed and maximum torque attained but 
be more effective in increasing torque. Within clinical 
limits, the size of the instrument was found to have negligible 
effect upon power output in comparison to the effect of dy- 
namic balance. 


to 


Tensile shear strength of adhesive bonded metals as a func- 
tion of the rate of loading, 1). A. George, H. R. Butzlaff, and 
a. Mandel, Symp. on Adhesion and Adhesives, Am. Soc. Te st- 
ing Materials Spec. Tech. Publ. No. 271, 47-53 (1961). 

A round-robin test program was devised by ASTM Commit- 
tee D-14 on Adhesives to study the effects of the rate of load- 
ing on the ultimate tensile shear strength of metal-to-metal 
adhesive-bonded lap-shear specimens. Two metals, three ad- 
hesives, two overlap lengths and four rates of loading were 
studied. The tensile shear specimens tested at rates of stress- 
ing from 600-2000 psi per minute showed very little change 
in strength due to the rate of stressing. For a given rate of 
stressing the rate of strain which was observed by changes in 
crosshead speed increased as the modulus of elasticity of ad- 
hesives decreased. It is not possible, therefore, to express one 
rate of stressing as being equivalent to a particular rate of 
strain for adhesives that have different moduli of elasticity. 


Vacuum system for use with a microbalance, G. F. 
Book, Vacuum Microbalance Techniques, ed. Ez. F. 

2, 59-69 (Plenum Press, Inc., New York, N.Y., 1962). 
A vacuum system constructed for with a fused-silica 
torsion microbalance is described. Recent developments in 
high vacuum apparatus and technique are incorporated into 
its design. The system can be outgassed at 425° C and can 
be used in connection with experiments which must be carried 
out at elevated temperatures. Its use makes it possible to 
perform an experiment under very clean conditions and at 
pressures less than 10-§ mm Hg. 


Rouse, 


Walker, 


use 


Creep of pure-gum rubber vulcanizates from indentation- 
time measurements, L. A. Wood and F. L. Roth, Rubber 
Tech. Conf. (London, England, 1962). 

The compliance J (limit of the ratio of strain to stress at zero 
deformation) has been determined from measurements of the 
indentation of a flat rubber surface by a rigid sphere, as a 
function of time ¢ and temperature 7. The results are 
subjected to two successive operations: (1) J is multiplied 
by the absolute temperature 7 and (2) an empirically-deter- 
mined quantity is added to the logarithm of the time at each 





temperature to make the values of J7' agree as well as pos- 
sible. For natural rubber from 25° to —40° C of the shift 
required appears to correspond to a constant ‘activation 
energy’ of 38 kcal/mole; from —40° to —60° C the shift is 
in quite good agreement with that predicted by the equation 
of Williams, Landel, and Ferry. Butyl rubber vields an 
activation energy of 20 kcal/mole, while styrenebutadiene 
rubber gives a value of 22 kcal/mole. The resulting curve of 
JT against log ¢t shows a sigmoid form with an increase of 
slope over 2-3 decades and a decrease at higher values. 
There is usually an extended region of nearly constant slope 
corresponding to the conditions of normal use of rubber 
products. For natural rubber this slope is 1-2% per decade: 
for the synthetics it is appreciably higher, reaching a value of 
15% per decade for nitrile rubber. 


The ideal Lovibond color system, D. B. Judd, G. J. Chamber- 
lin, and G. W. Haupt, J. Opt. Soc. Am. 52, No. 7, 813-819 
(July 1962). 
Lovibond red, yellow, and blue glasses, widely used as color 
standards in industry, are assigned numerals in accord with 
the basic plan of marking each glass with the number of unit 
glasses of the same type through which light must be passed 
to produce its color. It is possible to compute from the 
spectral transmittances of the unit glasses defining the 
Lovibond scales the CIE specification of the color produced 
by all combinations of any number of unit glasses. Such 
specifications were computed in 1939 not only for all ideal 
red, yellow, and blue Lovibond glasses illuminated by CIE 
sources B (representing noon sunlight) or C (representing 
average daylight) but also for two-part (red-yellow, vellow- 
blue, or blue-red) combinations thereof. The present paper 
gives the results of such computations for CIE source A 
(representing gas-filled incandescent lamps). Although actual 
Lovibond glasses must unavoidably depart somewhat from 
this definition of the ideal Lovibond system, the computed 
color specifications serve to indicate with good reliability not 
only the CIE specification of the color produced by single 
glasses and two-part combinations, but also the choice of 
Lovibond glasses required to produce a color of any desired 
chromaticity within the gamut of the system. 


Single-trace sweep adapter for transistor-curve tracers, L. J. 
Swartzendruber, Rev. Sci. Instr. 33, No. 5, 560-562 (Aug. 
1961). 

A simple relay circuit, adaptable to curve tracers, that pro- 
vides a single-trace sweep is described. The adapter allows 
the low-frequency current-voltage characteristics of many 
devices to be observed at high currents without large heating 
effects. 


Proton magnetic resonance in clay minerals, R. L. Blaine, 
Highway Research Board Bull. No. 287, 44-65 (June 1962). 
Energy absorption line widths at the proton resonance fre- 
quency associated with free water (Ho) were determined for 
a number of clays and related materials at room temperature. 
The line widths were calculated from the horizontal distance 
between the peaks of the maximum and the minimum of the 
derivative absorption curves obtained with a 1720-gauss 
proton-magnetic-resonance apparatus. Line widths in the 
order of decreasing proton mobility were found to be approx- 
imately three gauss for pyrophylites, six gauss for kaolins and 
halloysites, nine gauss for a sepiolite, and eleven to twelve 
gauss for a bayerite and a bauxite. Illites and montmorillo- 
nites gave only narrow line widths (0.3 to 0.7 gauss) in the 
semi-dry state, but exhibited some less mobile hydrogen 
(line width of 2-3 gauss) after drying at 200°C. Except for 
bayerite, bauxite, and sepiolite, the clays did not exhibit the 
wide lines normally associated with either hydroxide groups 
or water of crystallization or as determined for brucite and 
gibbsite. A sample of montmorillonite frozen with liquid 
nitrogen and slowly thawed in the apparatus indicated that 
greatly increased proton mobility began at about —70° C 
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Ultra-high vacuum ultraviolet monochromator, L. Marton, J. 
A. Simpson, J. A. Suddeth, and L. B. Leder, 1961 Trans. 
8th Natl. Vacuum Symp., 2d Intern. Congress, Ed. L. E. 
Prauss, P. 633-639 (Pergamon Press, Inc., New York, N.Y., 
1962). 
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A 1-meter, normal incidence vacuum ultraviolet monochro- 
mator having a sample chamber pressure of approximately 1 
x 10-*° mm Hg is deseribed. The entrance and exit slits are 
on the Rowland cirele while the center floats. Wavelength 
is scanned by moving the grating along the circle. All mov- 
ing parts are external to the vacuum chamber. The high 
vacuum conditions are obtained by several stages of differen- 
tial pumping from the lamp housing to the sample chamber. 
The entire monochromator is of stainless steel with welded 
joints. Interesting vacuum features the flange design, 
liquid nitrogen traps and rotary sea. 
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Constitution diagram for 16% Cr-2% Ni stainless steel, C 
Johnson and 8. J. Rosenberg, Trans. Quart. Am. Soc 
55, No. 2, 277-286 (June 1962). 

A constitutional diagram was constructed for the 16% Cr 
Ni stainless steels containing up to 1.23 percent carbon, f 
data obtained by metallographic examinations, 
analysis, dilatometry, X-ray diffraction, 
measurements, and electron microscopy. 
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Effect of surface roughness on the oxidation rate of iron, 
A. G. Eubanks, D. G. Moore, and W. A. Pennington, J. 
Electrochem. Soc. 109, No. 5, 382-389 (May 1962) 
An investigation was made of the effect of surface roughness 
on the oxidation rate of iron in air at 800° C. Specimens of 
ingot iron were grit blasted to give surfaces of different 
textures. The roughened specimens were found to oxidize 
more slowly than smooth ones, the difference in rate becoming 
greater with increasing roughness. The smooth specimens 
oxidized parabolically with a certain rate constant at the 
beginning; however, with continued oxidation, roughness 
developed on the metal surface and a change in the rate 
constant occurred. Specimens of high-purity iron with 
smooth surfaces, on the other hand, not only remained 
smooth throughout a three-hour oxidation period, but they 
also oxidized parabolically with a single rate constant. 

It was found that the reduction in rate due to roughening was 
not caused by surface contamination, or by surface cold work, 
but by voids that form in the scale layers on roughened 
surfaces. These voids apparently act as diffusion barriers 
for iron ions and, thereby, lower the rate at which roughened 
specimens oxidize. 


On the theory of diffraction grating interferometers, HH 
Mendlowitz and J. A. Simpson, J. Opt. Soc. Am. 52, No. 
520-524 (May 1962). 

One-dimensional diffraction-grating theory is developed in 
vector notation. First-order expressions are derived for the 
effects of the rotation of the grating about an arbitrary axis 
upon the diffracted beam. These results are applied to the 
three-grating interferometer whose characteristics are given in 
some detail. Generalization to moiré patterns or to any 
number of gratings with arbitrary separations is indicated. 


0, 


Effect of oleophobic films on fatigue crack propagation, 
W. L. Holshouser and H. P. Utech, Am. Soc. Testing Materials 
Proc. 61, 749 (1961). 

Sharply notched rotating beam specimens were used to 
evaluate the effect of oleophobic films formed by dodecyl 
alcohol on the rate of fatigue crack propagation in 4340 steel, 
17-7 PH stainless steel, 6061-T6 aluminum alloy, and a 
copper—1.75% beryllium alloy. The number of cycles 
required to propagate the crack was increased by the presence 
of the organic compound by factors ranging from 1.4to 5.0. 
This effect is attributed to the ability of compounds of this 
type to form films that protect the metal from oxygen and 
water vapor in the atmosphere. 


Strange sounds in the atmosphere, Part II, R. K. Cook and 
J. M. Young, Sound—TIts Uses and Control 1, No. 3, 25-33 
(May—June 1962). 

This is the second installment of the popular-scientific 
account whose first installment was prepared about two 
months ago. We describe infrasonic waves associated with 
microbaroms, earthquakes, magnetic storms, and tornados. 
Material for the second article is drawn from the open techni- 
cal literature, including scientific papers in Helvetica Physica 
Acta, Archiv fur Meterologie usw., Nature, etc. 





Time resolved electron optical image of a pulsed atomic beam 
in flight, L. Marton, S. R. Mielezarek, and D. C. Schubert, 
J { ppl. Phys. 33, No. 4, 1613-1614 (Apr. 1962.) 

The electron optical schlieren method for study of gas behavior 
at very low pressures has been applied in stroboscopic fashion 
to produce photographs of chopped atomic beam pulses in 
flight \ photograph is shown of a cadmium atomic beam 
pulse moving at approximately 300 meters/sec. with maximum 
atomic density corresponding about 2.10°° mm He 
equilibrium The potential usefulness of this 
technique for study of accommodation coefficients on aero- 
dynamic surfaces is described briefly. 


to 


pressure 


Second breakdown in transistors, H. A. Schafft and J. C 
Fre nch IRE 1 ans, Elect on De ces ED-9, Vo. 2, 129-136 
July 1962 

“Second breakdown” in transistors has been characterized as 
an abrupt reduction in Vep, at a collector current designated 
by I, when the transistor is swept through its Vcr vs Ic 
characteristics \ critical review of the literature concerning 
this phenomenon and a more complete description of its 
characteristics are given. It appears that “second break- 
down” is a more fundamental property of the transistor than 
has previously been thought Each of the mechanisms thus 
far considered in the literature, in particular the “‘pinch-in”’ 
effect and p-n-p-n action, has been examined and found in- 
adequate. The apparent dependence of the initiation of the 
phenomenon on the quantity of energy absorbed, and on the 
ambient temperature, indicates that it may be related to 
some thermal mechanism. This points to the importance of 
examining “‘second breakdown” in terms of energy dissipated 
rather than in terms of voltage or current as has been done 
to date. 


Preservation of edge detail in metallography, W. P. Haves, 
Jr., N. Tighe, and H. B. Kirkpatrick, Metal Progress 81, No. 
3, 112 (Mar. 1962). 

Extremely fragile surface layers have been retained on metal- 
lographic sections as the result of the described modified 
version of a well known technique. 


Microsize magnetic field probes with axial symmetry, C 
Shiffman, Rev. Sci. Instr. 33, No. 2, 206-207 (Feb. 1962). 
Magnetic field probes occupying less than 10~* ce and having 
axially symmetric response have been developed for use at 
liquid nitrogen temperatures and below. The probes are 
made by drawing a microscopic boule of bismuth from the 
melt, using a wire which ultimately serves as a pair of leads 
at one end. A second wire is fused to the other end by ohmic 
heating. 


Optical studies at high pressures using diamond anvils, C. Eb. 
Weir, A. Van Valkenburg, and E. Lippincott, Book, Modern 
Very High Pressures Techniques, ed. R. H. Wentorf, Jr., p. 
51-69 Butte rworth & Co.. London, England, 1962.) 

A pressure cell capable of maintaining pressures up to 160,000 
atmospheres has been constructed using a pair of type II 
diamonds for studies in the infrared, visible and ultraviolet 
spectrum. Temperature variations from 175° to 30° C 
can be obtained with the cell. Major effects observed in 
the infrared spectrum of substances under pressure include 
shifts in absorption bands to both higher and lower frequen- 
cies, occurrence of new band as well as elimination of existing 
bands, the splitting of bands and changes in apparent band 
intensities. Examples of these effects using the infrared 
spectra of sodium nitrite, calcite, succinie acid, ice and fer- 


rocene are given. 


Stress-strain relationships in yarns subjected to rapid impact 


loading. 9. Effect of yarn structure, J. C. 
Blandford, P. J. Shouse, and K. M. Towne, Teztile Res. J. 
32, 472 June 1962). 

Samples of high-tenacity deacetylated cellulose acetate yarn 
were braided or plied and twisted by various amounts. 
Stress-strain data were obtained on these yarns at conven- 
tional rates of straining and under conditions involving trans- 
verse and longitudinal impact at velocities of about 40 m/sec. 
Strain wave propagation velocities were also measured. The 
effects of twisting and braiding were the same at high rates 
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of straining and at conventional rates of straining. The addi- 
tion of twist or braid caused the following effects. The ini- 
tial slope of the stress-strain curve and the strain wave propa- 
gation velocity decreased. The bend in the curve at the yield 
stress became less sharp so that the stress-strain curve became 
more linear. The breaking tenacity decreased and the break- 
ing elongation increased. The work required to break unit 
mass of varn material remained unchanged. The calculated 
value of the longitudinal critical velocity at which a specimen 
breaks immediately upon impact in tension remained un- 
changed. Calculated transverse critical velocities tended to 
decrease as the varn was twisted or braided. 


Stress corrosion of high strength case aluminum alloys, F. M. 
Reinhart and W. F. Gerhold, Corrosion 18, No. 4, 158 (Apr. 
1962). 

The unsatisfactory performance in marine environments of 
high strength sand cast 220—T4 aluminum alloy in vital load 
carrying applications and the paucity of published information 
on the heat treatment and resistance to stress corrosion crack- 
ing of the alloy prompted this investigation. The purpose 
was twofold: to determine whether variations in the heat 
treatment of 220 alloy would improve its resistance to stress 
corrosion cracking; and to compare the stress corrosion resist- 
ance of other high strength cast alloys with that of the 220T-—4 
alloy. Specimens @the alloys Were stressed at 75 percent of 
their yield strengths while being intermittently immersed 
in a sodium chloride-hydrogen peroxide solution. The period 
of exposure was usually 60 days unless earlier failure occurred. 
Variations of magnesium contents between 9.1 and 12.7 per- 
cent did not affect the low resistance of alloy 220—-T4 to stress 
corrosion cracking. Slow quenching from the solution heat 
treating temperature slightly improved the resistance of 
alloy 220—T4 to stress corrosion cracking. A sensitizing treat- 
ment or prolonged natural aging rendered the alloy more 
susceptible to stress corrosion cracking. The resistance to 
stress corrosion cracking of alloys A356-T61 and 357-T6 
was rather uniform and was considerably better than that of 
220-T4 alloy. The resistance to stress corrosion cracking of 
the other alloys investigated was poor. 


Phase-modulated calibrator for testing phase meters, M. C. 
Thompson, Jr., Rev. Sci. Instr. 338, 563-564 (May 1962). 

A device is described which may be used to measure the fre- 
quency response characteristics of phase meters, both elec- 
tronic and electro-mechanical. 


A procedure for estimating eigenvalues, N. W. Bazley and 
D. Fox, J. Math. Phys. 3, 469-471 (May-June 1962). 

A new procedure is given for calculation of lower bounds to 
the eigenvalues of self-adjoint operators. Calculation of the 
lower bounds is reduced to the solution of linear algebraic 
problems. 


Physical standards of emittance and reflectance, J. C. 
Richmond (Proc. Conf. Radiative Transfer from Solid Materi- 
als, Boston, Mass., Dec. 12-13, 1960), Book, Radiative Transfer 
Solid Materials, ed. H. H. Blau, Jr., and H. Fischer, 
Sec. III, pp. 142-153 (The Macmillan Co., New York, N.Y., 
1962). 
The work being done at the National Bureau of Standards on 
the development of specimens stable in emittance is briefly 
described. The fundamental laws of radiation involved in 
the measurement of emittance are reviewed and a limited 
glossary of terms is given. 

The reflectance standards issued by the National Bureau of 
Standards are also briefly described. 


A combined analog-digital differential analyzer (CADDA), 
W. D. Urban, W. R. Hahn, Jr., and H. K. Skramstad, Proc. 
Combined Analog Digital Computer Systems Symp., Phila., 
Pa., Dec. 1960, 2d item (1960). 

In a paper presented at the 1959 EJCC, one of the authors 
described a concept of using both analog and digital techniques 
to produce a differential analyzer which combines the analog 
advantages of high speed and continuous representation of 
variables with the digital capability of high precision and 
large dynamic range. This paper deals with a study of the 
problems in the design, construction, and use of integrators 





and multipliers employing this concept. The mathematical 
basis for the design is reviewed, and the construction and 
operation of the equipment is described. 


Some properties of dirty contacts on semi-conductors and 
resistivity measurements by a two terminal method, G. G. 
Harman and T. Higier, J. Appl. Phys. 38, 2198 (July 1962). 
The surface and bulk properties of semiconductors have been 
studied by a two-terminal method using dirty contacts. 
These contacts are defined as ones that are easily applied and 
removed and that are separated from the bulk by surface 
states, oxides, adhered gasses and chemical films. The 
method essentially involves measuring the resistance-voltage 
characteristics from the millivolt range up to about 100 v. In 
the process it is possible to separate the bulk from the surface 
effects, calculate the surface barrier height and thickness 
from tunneling equations, and determine whether the barrier 
is a surface film or due to metal-semiconductor contact 
potential difference. In addition the resistivity can be 
measured for difficult materials such as SiC and GaAs. The 
effect of work-damaging or etching the semiconductor surface 
can be readily evaluated. Various possible electrode systems 
are discussed. Efforts were concentrated on silicon carbide 
and silicon, but the techniques are applicable to all types of 
semiconductors. 


A property of linear frequency modulation, A. J. 
Proc. IRE 50, No. 7, 1711 (July 1962). 

(A fact useful in connection with chirp radars is that a linear 
FM signal of arbitrary envelope, when passed through a 
suitable network with linear delay characteristic, suffers a 
reversal of the linear FM and a Fourier transformation of the 
functional form of the envelope. It is shown here that no 
other FM signal and delay network are related in this way, i.e., 
in respect to Fourier transformation of the arbitrary envelope, 
reversal of a summand of the input phase, and reproduction 
of the complementary summand.) 


Goldman, 


The thermal properties of powder insulators in the tempera- 
ture range 300°-4°K, D. Cline and R. H. Kropschot, (Proc. 


Conf. Radiative Transfer from Solid Materials, Boston, Mass., 
Dec. 12-13, 1960), Book, Radiative Transfer from Solid 
Materials, ed. H. H. Blau, Jr., and H. Fischer, Sec. I, pp. 61-81 
(The Macmillan Co., New York, N.Y., 1962). 

The transport of heat through dielectric powders and dielec- 
tric-metallic powder mixtures is investigated theoretically and 
experimentally for temperatures below 300° K. The most 
general formulation of the problem results in a non-linear 
integro-differential equation that is not solvable in closed form; 
however, a much simpler formulation is made for evacuated 
powders that allows certain qualitative conclusions. An 
attempt is made to separate out the radiative and solid heat 
conduction, Experimental procedures and _ results are 
reviewed. 


Reference tables for 40% iridium-60% rhodium versus 
iridium thermocouples, G. F. Blackburn and F. R. Caldwell, 
Book, Temperature, Its Measurement and Control in Science 
and Industry 3, Pt. 2, 161-175 (Reinhold Publ. Corp., New 
York, N.Y., 1962). 

In a program to establish reference tables for several alloys of 
iridium and rhodium against iridium, the work has been 
completed on 40% iridium-60% rhodium. Tables have been 
prepared giving emfs for temperatures in degrees Fahrenheit 
from 32° F to 3800° F and in degrees Celsius (centigrade) 
from 0° C to 2100° C, and temperatures in these units with 
emf in millivolts as the argument. They are based on the 
average emfs measured on eight thermocouples, made from 
three lots of wire obtained in 1955, 1958, and 1960. 
Measurements at temperatures 32° F to 2500° F were made 
in a platinum-wound furnace of conventional design, using a 
Pt-10% Rh vs Pt thermocouple to measure temperature. 
From 1950° F to 3800° F (thus overlapping the upper end of 
the lower range), the furnace used was an iridium block heated 
by electric induction. Blackbody conditions prevailed in the 
cavity in which the test thermocouple was inserted, and 
enabled measurement of the temperature with an optical 
pyrometer 
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The cement reference laboratory (1929-1959), J. R. 
Am. Soc. Testing Materials Proc. 59, 369 (1959). 
Recent changes in the scope of its operations have stimulated 
numerous inquiries about the functions of the Cement 
Reference Laboratory. Therefore, as a record which may 
be of special interest to those engaged in the testing of cements 
and concretes, and of general interest to those engaged in the 
testing of other materials, a report has been prepared which 
covers the origin, purpose, and development of each of the 
present responsibilities of the Reference Laboratory. 


Dise, 


International coordination of measurement, A. G. McNish, 
Sci. Math. Weekly 2, No. 3, 28-29 and 35 (Sept. 1961). 
International coordination of measurement standards permits 
scientists in one country to relate their measurements to those 
made by scientists in another country. Such coordination is 
provided by the International Bureau of Weights and 
Measures and the General Conference on Weights and Meas- 
ures. In October 1960 the Conference redefined the meter 
in terms of a wavelength of light from krypton 86. Efforts 
are now being made to arrive at an atomic definition of the 
second, 


The calibration at the National Bureau of Standards of mass 
standards for ultramicroanalysis, L. B. Macurdy, Book, 
Vacuum Microbalance Techniques, ed. R. F. Walker, 2, 165- 
175 (Plenum Press, Inc., New York, N.Y., 1962). 
Measurements may be made with a precision of tenths or 
hundredths of a microgram. Small weights suffer from an 
unfavorable surface to mass ratio and should be checked from 
time to time. This may be done by the regular procedures 
used in weight calibration, provided a suitable selection of 
nominal weight values exist in each set. 


Post office mechanization, B. M. Levin, M. C. Stark, and 
P, C. Tosini, Elec. Eng. 80, No. 2, 105-110 (Feb. 1961.) 

The introduction of mechanical equipment into the Post 
Office for the sorting and handling of mail makes feasible the 
development of procedures for maintaining precise data re- 
garding the status of mail being sorted. These are the data 
needed by a computer that would regulate the flow of mail 
throughout the sorting process. Such a computer would 
control the flow of mail on conveyor belts, would make de- 
cisions regarding the type of sorting done by each sorting 
machine and would change these decisions when conditions 
warrant. The introduction of such a computer should im- 
prove service and reduce costs. 


Rate of vaporization of refractory substances, J. J. Diamond, 
J. Efimenko, R. F. Hampson, and R. F. Walker, (Proc. 4th 
Intern. Symp. Reactivity of Solids), Book, Reactivity of Solids, 
ed. J. H. de Bower, et al., p. 725 (Elsevier Publ. Co., Amster- 
dam, The Netherlands, 1961). 

The more important factors affecting the rate of vaporization 
of solid systems are summarized. Techniques for measuring 
the rates of vaporization of refractory substances at tempera- 
tures in the 1600—3000° C range are briefly described. The 
techniques pertain to measurements both in vacuum and in 
the presence of foreign gases. Some of the factors and the 
experimental techniques are illustrated by brief reference to 
studies of the vaporization of platinum and aluminum oxide. 


A nomograph for selecting light balancing filters for camera 
exposure of color films, C. S. McCamy, Med. Biol. Iilustra- 
tion, London, England 11, No. 1, 13-15 (Jan. 1961). 

A nomograph is given for rapid selection of filters for color 
photography. The nomograph provides for a very large 
number of combinations of films and light sources in a simple 
form, permits the easy interpolation of new films, light sources, 
or filters, indicates which filters would be most nearly satis- 
factory when an ideal filter is not available, indicates the 
general nature of abnormal combinations for special effects, 
and provides a convenient conversion from color temperature 
to reciprocal color temperature. The nomograph is based on 
the assumption that the color balance of color films, the 
chromaticity of the illumination, and the effect of filters can 
be characterized adequately on a scale of reciprocal color tem- 
perature and that the change of reciprocal color temperature 
by a given filter is a constant. 





Young’s modulus of single crystal corundum form 77 °K to 
850 °K, J. B. Wachtman, Jr., W. E. Tefft, and D. G. Lam, 
Jr., Book, Mechanical Properties of Engineering Ceramics, p. 
221-223 (Inter Publ. Inc New York, N.Y., 1961). 

An equation is proposed to represent the temperature de- 
pendence of Young’s modulus. This equation fits data on 
some corundum single crystals very well. 


SCLENCE 


A controller for maintaining a constant rate of vaporization 
in fractional distillation, IX. C. Kuehner and R. T 
{nal. Chem. 34, No. 9, 1155-1156 (Aug. 1962. 

\ controller for maintaining a constant rate of vaporization 
from the pot of a fractionating column 1s described. To 
show the performance of the controller, a comparison is 
made of the constancy in efficiency of a still during con- 
trolled and uncontrolled test runs 


Leslie, 


A method for determing mechanical resonance frequencies 
and for calculating elastic moduli from these frequencies, 
S. Spinner and W. E. Tefft, Am. Soc. Testing Materials Proc. 
G1, 1221-1238 (1961). 
Part I describes the techniques for exciting, detecting, and 
measuring the mechanical resonance frequencies of specimens 
These resonance frequencies have many useful diagnostic ap- 
plications (for quality control, for instance) even when the 
elastic moduli are not calculated from them. Part IT de- 
scribes the methods for calculating the various elastic moduli 
from the appropriate resonance frequencies. 
The dynamic compressibility of a rubber-sulfur vulcanizate 
and its relation to free volume, J. Ek. McKinney, H. V 
Belcher, and R.S. Marvin, 7 Rheology 4, 347-362 
1960). 
The dynamic bulk compliance of natural rubber—12 © sulfur 
was measured for varying static pressure (0 to 1000 bar), 
temperature (—30 to +70° C), and frequency (50 to 1000 
cps The data can be represented by reduced frequency or 
temperature plots, assuming viscosity is proportional to exp 
, a fractional free volume which is a linear function of 
temperature and pressure. The temperature-frequency re- 
duction fits the “universal’’ WLF constants, and the tem- 
perature-pressure reduction term is practically the same as 
hat found by Singh and Nolle for polyisobutylene. 


ans. Soc. 


Suggested arrangement of mirrors to form multiple reference 
angles, J. B. Saunders, J. Opt. Soc. Am. 51, No. 8, 859-862 
(Aug. 1961 

A reference angle is described that forms, by successive or 
multiple reflections, a multiplicity of equal optical angles hav- 
ing common vertices. This angle may be used as a standard 
for calibrating circular scales either with an autocollimator or 
an interferometer. 
ferometer to a very high accuracy 


} 
The angle can be adjusted in an inter- 


If the faces of the mir- 
rors are 6 inches long, an error of 0.1 fringe corresponds to 
an error in the angle of 0.02 second of are. 


D-—C differential current meter, E 
32, No. 12, 1407-1408 (Dec. 1961 

\ technique is described using a commercial clip-on d-e milli- 
ammeter to make sensitive differential current measurements. 


Niesen, Rev. Sci. Instr. 


High-energy X-ray spectrometer using large anticoincidence 
sodium iodide crystals, J. M. W yeoff, Proc. Total Absorp- 
tion Gamma-Ray Spectrometry Symp., Gatlinburg, Tenn., 
May 19, 1960, p. 201-210 (1969). 
\ 9-in.-dia by 6.25-in.-long crystal has been used in a total 
absorption spectrometer for X-rays in the 5- to 100-Mev 
range The well-collimated X-rays are directed onto the side 
and along a diameter of the main crystal. On the exit side, 
a 6.75 x 3.63 in. Nal crystal has been set in anticoincidence 
to detect radiations above 0.6 Mev. The combination of the 
large crystal and the anticoincidence crystal has improved 
considerably the resolution for high-energy X-rays over the 
resolutions obtained with various combinations of crystals 
that were summed to provide a total absorption pulse. The 
final test of the resolution (and detailed response function 
shape) will come from activation curve and (p, y) data. The 
initial indications of the improved resolution will be demon- 
strated by the comparison of the shapes of pulse-height dis- 


tributions produced by 90-Mev bremsstrahlung spectra trans- 
mitted by a 604-cm water attenuator. This spectrum has : 
characteristic dip at 22 Mev due to giant resonance nuclear 
absorption which required good resolution for its detailed 
observation. 


Determination of the dissociation equilibria of water by a 
conductance method, II. C. Duecker and W. Haller, J. Phys. 
Chem. 66, No. 2, 225-229 (Feb. 1962). 

Electrical conductivity measurements have been made at 
various temperatures on electrophoretically purified water 
with varying impurity content. The temperature coefficients 
of conduction are determined at 18 and 25° C for each frac- 
tion. An expression is derived for the activation energy of 
conduction of dilute aqueous solutions as a function of elec- 
trical conductivity. Upon substitution of the calculated 
activation energies of conduction into this expression, the 
theoretical conductivity of pure water is calculated to be 
.03873 10-* ohm=! em at 18°, a volume 3°) lower than 
predicted by Kohlrausch sixty vears ago. The dissociation 
constants for water calculated from this value, the equivalent 
conductance of the ions and the density, however, agree with 
those determined from the E.M.F. of galvanic cells 


The rapid selector and other NBS document retrieval studies, 
J. L. Pike and T. C. Bagg, Proc. National Microfilm Assoc. 
Annual Meeting, Wash. D.C., Apr. 25-27, 1962, XI, 213-22 
(Annapolis, Md., 1962). 

Rapid Selectors are electro-mechanical devices for reproducing 
selected frames from reels of coded microfilm 

A brief history of the Rapid Selector development and a de- 
scription of the various models is given. 

Several other document retrieval problems studied at the 
National Bureau of Standards are described. 

Determination of oxidation rates of air-blown asphalts by 
infrared spectroscopy, J. R. Wright and P. G. Campbell, 
E ia A ppl. Chem. . 256-266 (June 1962). 

Oxidation rates for eight air-blown asphalts were determined 
by measuring the change in infrared absorption at 5.88 mi- 
crons with time of exposure to the radiant energy of a carbon- 
arc. While all the asphalts oxidized at different rates, those 
from the same geographical areas had similar rates; those 
from different areas varied considerably. The pattern of 
oxidation was generally the same for each of the eight as- 
phalts, in that there was an induction period followed by a 
steady oxidation rate until near the failure point, beyond 
which time the oxidation rate accelerated until film failure 
as denoted by asphalt film cracking. An inverse relation- 
ship was found between the rate of oxidation and the acceler- 
ated weathering durability of each asphalt. 


Thermocouple materials, F. R. Caldwell, Book, Temperature, 
Its Measurement and Control in Science and Industry 3, Pt. 
2, 81-134 (Reinhold Publ., Corp. New York, N.Y., 1962). 
Thermocouple materials are considered that are used primarily 
as immersion temperature sensors in the range from 0° C up. 
Included are the conventional thermocouples that have sur- 
vived since the beginnings of the art of thermoelectric tem- 
perature measurement, newer noble metal thermocouples, and 
thermocouples of refractory metals for use in the extreme 
range for immersed sensors. Because of the wide use and in- 
creasing popularity of ceramic-packed thermocouples in 
metal sheaths, they are included. 

Limitations of the thermocouple wires are given as to range, 
stability, environment included atmosphere, magnitude of 
thermoelectric emf, and accuracy of commercially available 
materials of standard and extra quality. In addition, proper- 
ties of the separate elements that are pertinent to the selec- 
tion or use of thermocouples have been compiled. 

In the case of the ceramic-packed thermocouples the follow- 
ing properties are presented: temperature range of the sheath, 
mechanical properties of the sheath, kinds of packed insula- 
tion, resistance between thermocouple wires and between 
wires and sheath, minimum bending radius of the packed 
stock, gas-tightness of the packed insulation, and types of 
measuring junctions available, i.e., grounded, ungrounded, 
bare, totally enclosed, stagnation mounting, ete. 





An equation of state for calculating the thermodynamic 
properties of helium at low temperatures, R. 1D). McCarty and 
R. B. Stewart, Book, Progress in International Research on 
Thermodynamic and Transport Properties, pp. 107-117 
(Academic Press, Inc., New York, N.Y., 1962). 

A new equation of state for helium gas with six adjustable 
constants is presented. This relation is adequate for the 
representation of the P-V-T data and for the calculation of 
the entropy and enthalpy for a range of temperatures from 20 
to 300° K, with pressures to 100 atmospheres. A comparison 
of calculated volumes with the original data indicates an 
average arithmetic deviation of 0.07 percent and maximum 
deviations of 0.5 percent. A comparison of calculated 
pressures with original data indicates about the same average 
and maximum deviations. A temperature-entropy chart and 
a compressibility factor chart have been prepared from values 
calculated by this equation of state. Tabular values of 
density, enthalpy and entropy for even values of temperature 
and pressure are also included. 


Thermal expansion of some engineering materials from 2) 
K to 293° K, V. Arp, J. H. Wilson, L. Winrich, and P. Sikora, 
Cryogenics 3, 230 (June 1962). 

Tables are given of the thermal expansions of some materials 
of engineering interest. The measurements were made in the 
temperature range from 20° K to 293° K. 


Interlaboratory evaluation of a method for indicated bright- 
ness of papers containing fluorescent brighteners, T. W. 
Lashof and J. M. Patek, Tappi 45, No. 7, 566 (July 1962). 

A proposed modification of the method developed by Grum 
and Wightman for measuring indicated brightness of papers 
containing fluorescent brighteners was investigated using the 
proposed Tappi Recommended Practice for Interlaboratory 
Evaluation of Test Methods. The replication error was 
found to be negligible compared with other sources of varia- 
bility, and therefore, from a precision viewpoint, it would be 
wasteful to make more than one measurement on a sample 
unless these other sources of variability are reduced. The 
usefulness of the proposed method was found to be limited by 


the high between-laboratory variability and the relatively 
high random interaction, both of which may have been caused 


by improper lamp calibration. The high between-laboratory 
variability may also have been due to improper preparation 
and use of the MgQO standards. It is believed that these 
elements, and therefore the precision and usefulness of the 
method, may be improved without much difficulty. 


An intermediate size automatically controlled hydrogen re- 
frigeration system, LD. B. Chelton, D. B. Mann, and B. W. 
Birmingham, Suppl. Bull. Inst. Intern du Froid, Eindhoven, 
Comm. 1, Annexe 1960-61, 169-178 (1969). 

Increasing interest in cryogenic systems operating in the 
temperature range 21° to 30° K has created a need for a 
simple and reliable hydrogen refrigeration system. Such a 
refrigeration system, developed for use with a large liquid 
hydrogen bubble chamber, is described. The refrigerator 
has a maximum capacity of 4 kilowatts at temperatures 
between 21 °K and 30 °K. Control is automatic and is of 
high sensitivity. Refrigeration may be provided at either a 
single zone (heat source) or multizones with temperature con- 
trol of each zone. 

Kifficient operation of the refrigeration system depends on 
high performance heat exchangers. Methods used to design 
the heat exchangers are described. Generalized design 
charts which make possible the design of larger capacity sys- 
tems of the same general type can be developed. 


Thermal radiation standards and measurements of the Radi- 
ometry Section at the National Bureau of Standards, A. G. 
Maki, (Proc. Conf. Radiative Transfer from Solid Materials, 
Boston, Mass., Dec. 12-13, 1960), Book, Radiative Transfer 
from Solid Materials, ed. H. H. Blau, Jr., and H. Fischer, Sec. 
III, p. 1385-141 (The Macmillian Co., New York, N.Y., 1962). 
A discussion was given of two aspects of the work of the 
Radiometry Section at the National Bureau of Standards. 
Two standards of thermal radiation were described and the 
method of their calibration detailed. The latter half of this 
paper will include a description of some work currently being 
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carried on with the aim of obtaining the normal spectral 
emissivity of gold, aluminum, and platinum in the infrared. 


Absolute microwave refractometer, M. J. Vetter and 
Thompson, Jr., Rev. Sci. Instr. 33, 656-660 (June 1962 
A simple microwave refractometer has been developed using 
a null technique which has considerably reduced drift and 
other instabilities introduced by the electronic components, 
including the klystron. The long-term stability indicates 
the justification for more fundamental calibration techniques 
which are described. The result is an instrument in which 
cavity stability rather than electronic stability is the limiting 
factor. 


M. C. 


Ferroelectricity in the compound Ba,Bi,Ti;O,;,, P. H. Fang 
and B. Aurivillius, Phys. Rev. 126, No. 3, 893 (May 1962 
Some ferroelectric and crystallographical properties cf the 
compound Ba,Bi,Ti;O\, are presented. The compound repre- 
sents a new structure with the unit cell consisting of one 
Bi,O,2* layers. From 196° C to 580° C, a maximum in the 
real part of the dielectric constant was observed at +417° C. 
No thermal hysteresis was observed within the precission of 
12°C. A remanent paralization of 2 x 10-* coul/em? and a 
coercive field of 10 kv/em were observed at the room tem- 
peratures, 


The ammonia beam maser as a standard of frequency, 
J. A. Barnes, D. W. Allan, and A. E. Wainwright, /RE 
Trans. Instrumentation I-11, 26—30 (June 1962). 

It has been suggested that an error in tuning of the resonant 
cavity in an ammonia beam maser could be detected by 
observing a frequency shift of the maser with the application 
of a magnetic field Following this suggestion, an ocsillatory 
magnetie field was applied to the NBS double beam maser 
and a low noise phase demodulator was constructed to 
detect any phase modulation present in the maser signal. 
With this equipment, a servo-loop was completed to con- 
stantly control the tuning of the maser’s resonant cavity 
Not only did this result in the elimination of the most critical 
parameter of the maser’s frequency dependence, but improve- 
ment of the frequency dependence upon other parameters was 
also observed. 


Large longitudinal retarded elastic deformation of rubberlike 
network polymers, H. Leaderman, ./. Polymer Sci. 59, No. 168, 
S42 (June 1962). 

Measurements of longitudinal creep under constant nominal 
tensile stress and of recovery, and also of creep under constant 
true tensile stress and recovery have been made on a specimen 
of plasticized pclyvinyl chloride. These data have been 
shown to be consistent with linear superposition relations of 
the hereditary type. Associated with nominal 
excitation is (\—d~?)/3 as the measure of response, where \ is 
relative length. Associated with true stress as excitation is 
(A?—A~') (1+ 0.8d~')/5.4 as the measure of response. 


stress as 


Magnifications of a telescope, R. E. 
Am. 51, No. 7, 803-804 (July 1961). 
The image of a distant object formed by a telescope appears 
larger than the object in spite of the fact that the linear 
dimensions are reduced in size. This is becatse the image is 
always much nearer the observer than the object. The ratio 
of the image distance to the object distance approaches 1/ M? 
as both distances approach infinity, where M is the angular 
magnification of the telescope. 


Stephens, J Opl Soc. 


Linear thermal expansion of aluminum oxide and thorium 
oxide from 100° to 1100° K, J. B. Wachtman, Jr., T. G. 
Scuder, and G. W. Cleek, J. Am. Ceram. Soc. 45, 310-323 
(July 1962). 

The linear thermal expansion of single crystal and polyerystalline 
aluminum oxide and polyerystalline thorium oxide was 
measured trom 100° to 1100° K with an interferometric 
technique. For each substance the results are well described 
by Griineisen’s equation using a Nernst-Lindemann energy 
function. 


Group theory and crystal field theory, C. M. Herzfeld and 
P. H. E. Meijer, Book, Solid State Physics 12, 1-19 
Press, Inc., New York, N.Y., 1961). 


icade mic 





A survey of the principal group theoretical principles and 
methods used in crystal field theory. 


Ferroelectricity in the compound Bi,Ti,O,., P. H. Fang and 
} Robbins, Phys. Rev. 126, No. 892 (May 1962). 
ferroelectric and crystallographical properties of the 
compound Bi,Ti;Oj. are presented. The compound has a 
dielectric maximum at 685°C on increasing temperature and 
at 670°C on decreasing temperature. At these temperatures, 
an endothermic peak and an exothermic peak, respectively, 
occur. Ferroelectricity was observed along the ¢ axis of the 
single crystal of this compound. 


3, 
some 


Blue-glass filters to approximate the blackbody at 6500° K, 
D. B. Judd, Farbe 10, No. 31 (1961). 

In 1956, Rautian, Lobanova, and Znamenskaya described 
a light source for precise color measurement of non-self- 
luminous objects with an energy distribution between 400 and 
700 nm closely duplicating that of a blackbody at 6,500° K. 
This light source took the form of an incandescent lamp at a 
color temperature of 2,854° K (CIE source A) combined with 
a three-laver, blue-glass, filter of the Ronistype An attempt 
in February 1959 to purchase such Ronis filters indicated 
that they were not yet commercially available. At the 
request of the oe al Bureau of Standards, Corning Glass 
Works geen the design and production of such a filter 
under lirection of their A. J. Werner, and in December 
1960 pe livered a supply of them. Measurements show that 
the degree of duplication of the blackbody energy distribution 
for 6,5 K available from the Corning three-laver filter 


00 
slightly better than that reported for Ronis-type filters. 


he 


Application of reflectometer techniques to accurate reflection 
measurements in coaxial systems, R. W. Beatty and W. J. 
Anson, Inst. Elec. Engr. B109, 345-348 (July 1962 

The a single directional coupler reflectometer having 
two auxiliary tuners is reviewed, giving emphasis to precision 
measurement possibilities 

Problems in setting 
coaxial lir e are 


t heory of 


up this svstem for 
and a system for 
the fre quency range 5.85 Ges is described 

The development of quarter wavelength short-circuit 
tion standards and sliding terminations is presented. 
The results of measurements of the 
and various loads at 4 Ge/s are 


measurements in 
discussed measurements in 
3.95 
1e reflec- 
reflection from connectors 
given. 


Four methods for predicting the durability of roofing asphalts, 
S. H. Greenfeld and J. R. Wright, Mater. Res. Std. 2, No 
738-745 (Sept. 1962 


Four 


y 
laboratory procedures 
time, solubility parameter, and cart 
the durability of 24 coating-grade 
mined in accelerated-weathering 
Durability tended to vary directly 
inversely with solubility parameter 
earbonyl index There was scatter 
correlations, but the 


to the of the 


asphaltene content, filtration 
oun’ index) for predicting 
roofing asphalts as deter- 
machines were studied 
with filtration time, and 

asphaltene content, and 
in the data in all of the 
asphalts tended to be grouped according 
crudes from which they obtained. 
Modifications to the asphalts produced by additives, fluxing 
oils, and blending stocks tended to make the asphalts deviate 
from their source groups. 


so'irce were 


Coring an electroform, W. 
880 fag. 1962 
Article describes novel method for removing soluble mandrels 
from thin walled electroforms. The electroformed part 
aining the mandrel is sealed, together with a reagent, in a 
closed system which is heated in a furnace Mandrels have 
been removed from electroformed shells this method 
where no ordinary means would work. 


H. Metzer, Jr., Plating 49, No. 8, 


cont 


by 


Four-place table decibels return loss to magnitude of voltage 


Jeattv, 


reflection coefficient, R. 
& Buyers Guide, T D188—192 (Nov. 1961 

A four place table of the magnitude of IT! of the voltage 
reflection coefficient corresponding to the return loss Ly=20 
log; 


the 
the 


W VJ icrowave Enq. 


Handb. 


is given. Le is given 


0-20 decibels. 


outside of 


to 0.01 decibel intervals over 


range 


A simple procedure permits use of 
table 


this range 
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Insulation resistance measurements, 
Electrical Insulation Conf., 
2... pp. 115-117 (Feb. 19-—22, 1962). 

Some comments are made regarding the reasons for interest 
in electrical insulation-resistance measurements. <A brief re- 
view of the advantages, disadvantages and sensitivity is given 
for various types of equipment used for making electrical 
insulation measurements. Also some pitfalls in making in- 
sulation measurements are mentioned. <A short reference to 
electrode materials which can be used is given. This discus- 
sion is intended to give a background for the open discussion 
on Measurement of Insulation Resistances Greater than 10! 
ohms, which will form the last part of the session. 


A. H. Seott, Proc. 4th 
Materials and Application, Wash., 


Some tensile properties of amalgam, M. 
G. Dickson, J. Dental Res 41, No. 4, 


1962). 


S. Rodriguez and 


840-852 (July-Aug. 


Methods were developed for measuring the tensile properties 
of dental amalgam. Specimens used were dumbbell shaped 
with a straight portion of 0.01 in.? cross section and approxi- 
mately 0.30 in. length. Tensile strengths of four amalgams 
ranged from approximately 7000 8500 psi. Elongations 
ealculated over a 0.5 in. gage length varied from 0.3 to 0.5%. 
Chord moduli of elasticity from stresses of 1000 to 3000 psi 
for specimens of the four amalgams strained at a rate of 
0.003 in. per minute averaged 3.3—4.1 10° psi and from 1000 
to 5000 psi averaged 2.2-2.8 10° psi. 


A study of the chemical and physical properties of magnetic 
recording tape, F. Nesh and R. F. Brown, Jr., 7RE Trans. 
Audio AU-10, No. 3, 70-71 (May-June 1962). 

A study has made of the chemical and physical prop- 
erties of magnetic recording tape. The chemical studies in- 
dicate the possible relationship between a series of solvent 
tests and the wear properties of commercially available tapes. 
The physical studies, including electron micrographs indicate 
a smaller unit erystal size for Ferric Oxide than previously 
supposed and a relationship between a better dispersion and 
improved magnetic properties. Both studies are being 
continued in greater detail. 


to 


been 


Measurement of effect of moisture on heat transfer through 
insulated flat-roof constructions, F. J. Powell and H 
fobinson, Am. Soc. Testing Materials Tech. Publ. 

(198] 

Two methods of 

determination of t 


312, 


Spec. 
35-66 
measurement are presented for laboratory 
effect of moisture on the heat transfer 
through insulated flat-roof constructions when subjected to 
successive periods of simulated summer and winter tempera- 
ture conditions, and daily heating of the top surface. 
The methods allow simultaneous measurements to be made 
on specimens of different designs. Heat-flow meters are used 
in the first method and a calorimeter technique in the second 
for observing changes in the insulating value of the entire 
construction and its components due to moisture. The 
second method includes a me for measuring the rate of 
change of moisture content of the specimen. 

Illustrative results are given for thirteen of the fifty-four 
specimens tested over a period of five years. Results indi- 
cate that natural in-place drying of wetted insulation over a 
vapor barrier and/or a dense deck is very slow, and 
that once wetted, such insulation will have greater heat trans- 
mission for long periods of time. Some constructions made 
without vapor barriers, containing materials of moderate 
permeance, showed good drying characteristics, that if 
initially wet, wetted later, the insulation approached dry- 
ness in a period comparable to a year’s service. 


he 


solar 


ans 


concrete 


so 
or 


Oo 


APPA-TAPPI reference material program, /. /nterlaboratory 
investigation of TAPPI standard T 414 49, 
resistance of paper, T. W. Lashof, Tappi 45, No. 8, 656 (1962). 
The initial steps in a eroject to smprove the reproducibility 
of this long established method of test are presented. These 
included (1) refinement of the procedure based on information 
that had been accumulated in the literature and by the manu- 
facturer of the testing instrument and others over the 
and (2) an interlaboratory study involving 
and 8 materials covering the range of the 
laboratory replication error of 5.3‘ 
was found. The present TAPPI 


m internal tearing 


years, 
10 laboratories 
method. <A within- 
» coefficient of variation 
standard calls for at least 





5 replications, but the analysis shows that as many as 10 
replications would still be useful, provided that differences 
between laboratories are adjusted using a standard sample. 
Between-laboratory variability is so large that even when 
only 5 replications are used to reduce the effect of within- 
laboratory variability, a standard sample will significantly 


reduce between-laboratory variability 


Properties a dental amalgams made from spherical alloy 
particles, N. C. Demaree and D. F. Taylor, J. Dental Res. 
41, No. 4, ses 906 (July-Aug. 1962). 

Experimental dental amalgams were Prepared. for the first 
time from a typical amalgam alloy (Ag 70.6%, Sn 26.1%, Cu 
2.5%, Zn 0.4%) in the form of spherical particles 2 2 to’ 150 
microns in diameter rather than in the irregular particles 
normally employed. Properties of amalgams made, using 
particles of 8 size ranges, were investigated. Dimensional 
change on setting and setting time were greater but residual 
mercury content was lower tor amalgam made from the larger 
particles. Particles between 15 and 50 microns in diameter 
gave maximum strength. Physical properties of some of the 
experimental amalgams were equal or superior to properties 
of dental amalgams now in use. The use of spherical particles 
provides a new approach to the investigation of the setting 
reactions of dental amalgam. 


Fast-melting alloy forms water jacket for small klystrons, 
W. J. Anson and E. Niesen, Electron. Design, pp. 42-45 (Mar. 
1962). 

Many klystrons radiate strong external signals and often 
require good shielding in laboratory setups to eliminate inter- 
ference between the r.f. source and the detection system. 
This article describes some simple approaches to both the 
shielding and the cooling problems. 


Other NBS Publications 


Journal of Research 66A 

Dec. 1962), 70 cents. 

Heat of formation of nitronium perchlorate. 

Phase equilibrium relations in the binary 
sesquioxide-niobium pentoxide. R. 8. 
Waring. 

Elastic constants of rutile (TiO.). J. B. Wachtman, 
W. E. Tefft, and D. G. Lam, Jr. (See above 

Reaction of hardened portland cement paste 
dioxide. C. M. Hunt and L. Tomes. 
stracts.) 

Titanium standards for hydrogen content. 
F. J. Palumbo, and L. L. Wyman. 

Ultraviolet stability of crosslinked polycaprolactam systems. 

). Bruck. 

Spectral-line intensities and gf-values in the first spectrum of 
copper. C. H. Corliss. 

Batch adsorption from solution. W. V. Loebenstein. 

Separation of hafnium from zirconium and their determina- 
tion: Separation by anion-exchange. L. A. Machlan and 


J. L. Hague 


Journal of Research 66B (Math. and Math. Phys.), 

(Oct.-Dec. 1962), 75 cents. 

Reliability of a system in which spare 
storage. G. H. Weiss. (See above abstracts.) 

Estimation of dispersion parameters. W. A. Thompson, Jr. 

Laguerre expansions for successive generations of a renewal 
process. G. H. Weiss. 

Bounds on ratios of means. G. T. Cargo and O. Shisha. 

A model for the viscoelastic behavior of rubberlike polymers 
including entanglement effects. R. 8S. Marvin and H. 
Oser. (See above abstracts.) 

Black box maximization of circular coverage. T. Zahn, Jr. 

An application of information theory to the analysis of con- 
tingency tables, with a table of 2n In n, n=1(1)10,000. 

S. Kullback, M. Kupperman, and H. H. Ku. 


Journal of Research 66D No. 6 (Nov.-—Dec. 

1962), 70 cents. 

RF impedance probe measurements of ionospheric electron 
densities. J. A. Kane, J. E. Jackson, and H. A. Whale. 


(See above abstracts.) 


(Phys. and Chem.), No. 6 (Nov. 


A. A. Gilliland. 
system bismuth 
Roth and J. L 


Jr., 
abstracts.) 

with carbon 
(See above ab- 


J. T. Sterling, 


No. 6 


parts deteriorate in 


(Radio Prop.), 
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Methods for applying numerical maps of ionospheric charac- 
teristics. W. B. Jones and R. M. Gallet. 

Very-low-frequency radio propagation in the ionosphere. 
W. Swift. 

Prolonged space-wave fadeouts in tropospheric propagation. 
A. P. Barsis and M. E. Johnson. 

Range-error compensation for a troposphere with exponen- 
tially varying refractivity. J. J. Freeman. 

On the geometrical optics of curved surfaces with periodic 
impedance properties. C. J. Marcinkowski and L. B. 
Felsen. (See above abstracts.) 

On the limitations of geometrical optics solutions for curved 
surfaces with variable impedance properties. C. J. Mar- 
cinkowski and L. B. Felsen. (See above abstracts.) 

Conversion of the amplitude-probability distribution func- 
tion for atmospheric radio noise from one bandwidth to 
another. A. D. Spaulding, C. J. Roubique, and W. Q. 
Crichlow. 

Some statistical properties of pulsed oblique HF ionospheric 
transmissions. M. Balser and W B. Smith. 

Induction in a small loop moving with a magnetostatic dipole 
toward a conducting half space. M. B. Kraichman. 

Propagation of terrestrial radio waves of long wavelength 
theory of zonal harmonics with improved summation tech- 
niques. Johler and L. A. Berry. 

Terminal-zone corrections for a dipole driven by 
line. K, Iizuka and R. W. P. King. 

Pattern synthesis with a flush-mounted leaky-wave antenna 
on a conducting circular cylinder. A. Ishimaru and F. R. 
Beich. 


D. 


a two-wire 


Analysis of electric energy usage in Air Force houses equipped 
with air-to-air heat pumps, P. R. Achenbach, J. C. Davis, 
and W. T. Smith, NBS Mono. 51 (July 13, 1962) 30 cents. 

Annotated bibliography on soft X-ray spectroscopy, H. 
Yakowitz and J. R. Cuthill, NBS Mono. June 29, 
1962) $1.00. 

Experimental transition probabilities for 
seventy a ments, C. H. Corliss and W. 
Mono. 53 (July 20, 1962) $4.25 

Weights and measures administration, 
(June 22, 1962) $1.75. (Supersedes H26) 

Required signal-to-noise ratios, RF signal power, 
width for multichannel radio 
E. F. Florman and J. J. Tary, 
1962), $1.00. 

Mode conversion in the earth-ionosphere waveguide, 
Wait, NBS Tech. Note 151 (June 8, 1962) 20 cents. 
Information selection systems retrieving replica copies: 
state-of-the-art report, T. C. Bagg and M. E. 

NBS Tech. Note 157 (Dee. 31, 1961) $1.25. 

Efficient use of the radio spectrum, K. A. Norton, NBS Tech. 
Note 158 (Apr. 1962) 45 cents. 

A Fortran code for calculation of eigenvalues 
tions in real potential wells, R. 8S. C 
Note 159 (Aug. 1962) 25 cents. 

Propagation of solar particles and the interplanetary magnetic 
field, C. S. Warwick, J. Geophys. Research 67, No. 4, 1333 
1346 (Apr. 1962) 

Availability of machine-usable 
M. E. Stevens, Proc. 3d Inst 
Retrieval (American Univ., 
1961) 

Physical measurements and experiment design, W. J. 

Le Plan d’Exper. Centre Natl. Recherche Sei 

France) 110, 1-13 (Aug.—Sept. 1961). 

calculus for factorial arrangements, 

M. Zelen, Annals. of Math. 

1962). 

Modular forms 
properties (II), 
(Mar. 1962). 

Tr: anetion probabilities for permitted and forbidden lines of 

i X, Fe XIV and Fe X, R. H. Garstang, Extrait des Ann. 
v Astrophys. 25, No. 2, 109-117 (1962). 

A note on normal matrices, M. Marcus and N. 
Math. Bull. 4, 23-27 (1961). 

The evolution of concepts and languages of computing, R. D. 
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lines of 
3ozman, NBS 


spectral 
R. 
NBS Handb. 82 
and band- 
communications 


NBS Tech. Note 


svstems, 
100 (Jan. 
J. BR. 
A 


Stevens, 


and eigenfunc- 
aswell, NBS Tech. 


natural language material, 
. on Information, Storage and 
Wash., D.C.), 1, 58-75 (Feb. 
Youden, 

Paris, 
A and 
(June 


B. Kurkjian 
Statistics 33, 600-619 


coefficients 
Newman, Ann. 


whose 


M. 


possess 


of Math. 


multiplic ative 
75, 242-250 


Khan, Can. 





Elbourn and W. H. Ware, Proc 
May 1962 

National Bureau of Standards list of IGY flares with nor- 
malized values of importance and area, C. 8. Warwick, 
IGY Solar Activity Report Series No. 17 (Intern. Geophys 
Year, World Data Center A. Solar Activity, High Altitude 
Observatory, University of Colorado, Boulder, Colorado, 
May 1, 1962). 

Plural scattering of 20-kev electrons in aluminum, L. Marton, 
J. A. Simpson, H. A. Fowler, and N. Swanson, Phys Rev. 
126, No. 1, 182-192 (Apr. 1, 1962 

Time and its inverse, J. M. Richardson, 
Tech. 1, No. 6, 54-61 (June 1962 

Effect of crystal growth on the comparative fixation of Sr’ 
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